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ABSTRACT
This thesis describes the  re s u lts  o f an investigation in to the 
e f fe c ts  o f v e r t ic a l a lignm ent design standards upon the energy 
costs  o f c o n s tru c tin g  and o p e ra tin g  m a jo r rura l roads in the 
United Kingdom.
A lte rn a t iv e  road designs have been produced fo r a series of 
ground pro files, and fo r each of these designs the energy costs 
have been calculated.
The cons truc tion  energy cost has been calculated from  the fuel 
consum p tion  and p ro d u c tio n  o u tp u t o f earthm oving plant. The 
energy costs o f s tru c tu re s  and s u rfa c in g  was assumed to be 
constant fo r the design changes examined.
The energy costs o f operation were calculated from  the  re s u lts  
o f fu e l consumption tests undertaken by the author. These tests 
showed a clearer and more accurate relationship between gradient 
and fu e l consumption than other tests undertaken in the United 
Kingdom.
The a l te r n a t iv e  de s ig n s  produced exam ined the  e f fe c ts  o f 
a lte rin g  the standards fo r maximum gradient, m inimum curve rad ii 
and le n g th , fo rm a tio n  w id th , m inimum gradient, and side slope 
g ra d ie n t. The e f fe c t  of choosing an a lte rna tive  route was also 
investigated.
The re s u lts  o f the energy c a lc u la tio n s  fo r  these a lignm en ts  
showed th a t in genera l, the m ore constrained the design, the 
lower the to ta l energy costs.
This conc lus ion  is in s e n s itiv e  to  changes in construction cost, 
but is highly sensitive to changes in vehicle numbers or types.
For a m otorway type design, the  average f lo w  on tru n k  and 
m o to rw ay  roads, and a th i r t y  year design l i fe  the maximum 
g ra d ie n t s tandard  th a t produced the minimum energy cost was 
a b o u t 1.5 p e rc e n t. This is cons ide rab ly  lo w e r than  used a t 
p resen t, and the  m ost re c e n t s tandard encourages the use of 
steeper gradients.
T h is  re s e a rc h  suggests th a t v e h ic le  o p e ra tin g  costs are an 
im p o r ta n t fa c to r  when design ing the  v e r t ic a l alignm ent of a 
road, and tha t present methods do not accurately determ ine the 
e ffe c ts  o f road design on vehicle costs.
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Chapter 1
In troduction
Introduction 
Energy Consumption -  the Role of Transport
During the 1970's the world became aware o f the growing risk  of 
an e n e rg y  sho rtage , due to  the  re lia n c e  upon fo s s il fu e ls , 
p a r t ic u la r ly  o il.  Dem and fo r  o il was s te a d ily  increasing , but 
d isco ve rie s  o f new oil sources were decreasing, resu lting in o il 
resource li fe  estim ates o f less than th ir ty  years. Many users of 
o i l,  p a r t ic u la r ly  road tra n s p o r t,  w ere  to ta l ly  dependent upon 
o il as an energy source, and technological developments did not 
in d ic a te  any m ethods fo r  a lle v ia t in g  th is  dependence. This 
re lia n c e  was fu rth e r emphasised by the M iddle East war o f 1973, 
d u rin g  which supplies o f o il from  the M iddle East were severely 
d is ru p te d . This in c id e n t created in te rna tiona l concern about o il 
consu m p tion , and a tte n tio n  was focussed upon methods o f both 
re d u c in g  o il consumption generally and easing the re liance upon 
o il as an energy source.
E xa m in a tio n s  o f o il consum ption s ta tis tics  discussed in Chapter 
2 showed tha t the largest single user o f o il was road transport, 
and research a c tiv itie s  started to examine ways o f reducing the 
f u e l  consu m p tio n  o f road ve h ic le s . This research  is b r ie f ly  
rev iew ed  in Chapter 2, and the m a jo rity  o f the work concentrated 
upon a lte ra t io n s  to  the  design and operation o f road vehicles, 
th e  ro a d  upon w h ic h  th e  v e h ic le s  t ra v e l g e n e ra lly  be ing  
cons ide red  as fixed. This was because the vehicle its e lf showed 
a s ig n if ic a n t  p o te n t ia l fo r  im provem ent, w ith  reduced size and 
w e ig h t, and re fin e d  engine design making dram atic increases in 
fu e l econom y poss ib le . Changes in  ve h ic le  usage could bring 
abou t im m e d ia te  re d u c tio n s  in  fue l consumption, th is could be 
seen in both the United Kingdom and the United States where the
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in troduction  o f lower national speed lim its  p roduced sm a ll, bu t 
ra p id  re d u c tio n s  in  o il consum ption . Further, the li fe  span of 
ve h ic le s  is r e la t iv e ly  sh o rt, so tha t changes in vehicle design 
would produce changes in overa ll fue l consumption quite rap id ly.
However, the vehicle is only one elem ent o f a road tra n s p o r t 
system, the other m ajor element being the road over which the
v e h ic le  ope ra tes . A few  of the reports examined in Chapter 2
consider the e ffe c ts  o f the road and these show tha t the design
o f  a road can s ig n if ic a n t ly  a f fe c t  the  fu e l co n su m p tion  o f 
v e h ic le s  o p e ra t in g  o v e r  th e  road, bu t l i t t l e  resea rch  has 
e x a m in e d  the  possib le  e f fe c ts  o f a lte r in g  the  p resen t road 
design procedures as a fue l economy measure.
Objective of this Thesis
I t  is the  purpose o f th is  s tudy to  exam ine the  re la tio nsh ip  
between the design o f roads and the energy consumption o f road 
transpo rt. When considering the design o f roads they are usually 
sepa ra ted  in to  tw o  m ain  groups, ru ra l roads and urban roads. 
These tw o  road types  have d if fe re n t  c h a ra c te ris tic s , and are 
usually designed using separate design standards. A sm all number 
o f resea rch  p ro je c ts  h ig h lig h t the e ffe c ts  of these d ifferences, 
and these are b r ie f ly  rev iew ed  in  Chapter 2. In general, the 
design o f urban road junctions has a greater e ffe c t upon fue l 
consu m p tion  than  the  design o f urban road lin k s , and some
au tho rs  have examined methods o f reducing fue l consumption in 
urban areas th ro ugh  im p roved  junction  design. For m ajor ru ra l 
ro a d s , th e  d e s ig n  o f  th e  l in k s ,  p a r t ic u la r ly  the  v e r t ic a l 
p ro f i le ,  is shown to  be the most im portan t road design fea ture  
to  a f fe c t  fu e l consumption. An exam ination o f t ra f f ic  s ta tis tics
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also reveals th a t a sm all percentage o f ru ra l roads ca rry  a high 
p e rcen tag e  o f ru ra l road t r a f f ic .  Therefore i t  is possible tha t
the  design o f these roads cou ld  s ig n if ic a n t ly  a ffe c t the fue l
consumption o f a high percentage o f t ra f f ic .
A review  of the available research has indicated th a t there are
on ly  a few  reports th a t make a detailed study o f the e ffe c ts  o f 
h ighw ay l in k  design upon energy consum p tion , and these are
discussed in Chapter 3. This review  shows tha t these reports do 
n o t r e a l ly  in d ic a te  th e  o v e r a l l  e n e rg y  e f fe c ts  o f design 
s ta n d a rd s ,  b u t c o n c e n tra te  upon one p a r t ic u la r ly  aspect o f 
energy consu m p tion . I t  is thus the objective o f th is study to 
exam ine  the e ffe c ts  o f highway lin k  design upon the to ta l energy 
costs o f m ajor ru ra l roads.
In o rder to  be able to make a va lid  assessment o f the overa ll
energy consumption e ffe c ts  caused by road design techniques, the 
e n e rg y  c o s ts  o f  c o n s tru c t in g  roads m ust be cons ide red  in  
a d d it io n  to  the  energy cost o f o p e ra tin g  ve h ic le s  ove r the
ro a d s . F o r  exam p le  a road th a t  is c o n s tru c te d  w ith  steep
g ra d ie n ts  and sm a ll rad ius  v e r t ic a l curves w ill f i t  the ground 
p ro f i le  c lo se ly  and w i l l  thus have m in im a l e a rth w o rk  costs. 
C onverse ly  a road w ith  gentle gradients and large radius curves 
w i l l  no t be able to  f i t  the  ground so closely and w ill incur
la rg e r  e a rth w o rk  costs . The p ro file  o f the closely f i t t in g  road 
w i l l  be h i l l ie r  than  th a t  o f the  gentler graded road (fo r the 
same ground p ro f ile )  and the  research discussed in Chapter 3
shows th a t  th is  w i l l  increase the fue l consumption o f  vehicles
using the  road , re la t iv e  to  the  fu e l consum ption  o f vehicles 
using the  more expensively constructed road. C learly  there is a 
re la t io n s h ip  between the construction and operation energy costs 
o f a road, which w ill be a ltered by the design constra in ts used
to  produce the  road v e r t ic a l a lig n m e n t. The purpose o f th is
research  is thus to  in v e s tig a te  th is  re la t io n s h ip  between the
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ve rtica l alignment design o f a road, and the  energy costs o f 
both constructing the road and operating vehicles over the road, 
and to  e s ta b lish  w h e th e r changes to  c u rre n t v e r t ic a l design 
standards could be used to save energy.
Introduction to the Research Undertaken
This research has been carried out by producing a lte rna tive  road 
v e r t ic a l a lignm ent designs fo r a number o f ground profiles, and 
c a lc u la t in g  th e  energy cos t o f c o n s tru c tin g , and o p e ra tin g  
vehicles over, each road alignm ent.
The ground pro files  used are fo r a number o f actual or proposed 
m a jo r ru ra l road sites throughout the United Kingdom. For each 
p ro f i le  a series o f a lte rna tive  designs have been produced using 
a s u ite  o f highway design computer programs. The set o f road 
designs produced fo r  each s ite  inc ludes  a contro l design and 
th e n  a l te r n a t iv e s  te s t in g  in d iv id u a l  a s p e c ts  o f v e r t i c a l  
a lig n m e n t design. The c o n tro l design uses the  recom m ended 
v e r t ic a l a lig n m e n t design standards fo r a m otorway type road, 
and the a lte rna tive  designs produced tes t the e ffe c ts  o f varying 
th e  standards fo r maximum gradient, m inimum  gradient, m inimum  
v e r t i c a l  cu rve  rad iu s , m in im u m  v e r t ic a l cu rve  le n g th , road 
w id th , and side slopes o f cuttings and embankments.
The energy costs o f c o n s t r u c t in g  each  d e s ig n  have  been  
c a lc u la te d  f ro m  th e  e a r th w o rk  q u a n t i t ie s ,  and th e  fu e l 
consum p tion  and production output o f typ ica l earthm oving plant. 
The costs o f s tructures and surfacing have not been included in 
th e  a n a ly s is .  The c o s t o f s u rfa c in g  was cons ide red  to  be 
una ffec ted  by the design changes considered in th is research, as 
the  lengths o f the road p ro files  remained constant. The cost of 
s tru c tu re s  is d i f f ic u l t  to  e va lu a te  in  generalised term s, as i t  
is  ve ry  dependent upon the  geography o f a p a r t ic u la r  road
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a lig n m e n t. The cos t o f s tru c tu re s  was f e l t  to  be m o s t ly  
independent of the design changes considered, and no in fo rm ation
was ava ila b le  on the structures required fo r the ground profiles
th a t  w ere  studied. Some typ ica l values fo r the energy costs of 
surfacing and structures are presented in Appendix 1.
The energy costs o f operating vehicles over each alignm ent w ere 
c a lc u la te d  fro m  equations re la ting  vehicle fue l consumption and 
road g ra d ie n t fo r  f iv e  v e h ic le  types , the gradients along the
road p ro file , and to ta l t ra f f ic  volumes fo r  each vehicle type.
The energy costs o f construction and operation fo r  each design 
w ere  then summed to  provide a to ta l energy cost fo r each road 
d e s ig n . F in a lly  these to ta l energy costs fo r  each group o f 
a lignm ents were compared to evaluate the e ffe c ts  o f a lte rna tive  
road design standards.
1.4 Structure of Thesis
The o b je c t iv e  o f th is  thesis is to  examine the e ffe c ts  o f the
design o f the ve rtica l alignment o f a road upon the energy costs 
o f c o n s tru c tio n  and o p e ra tio n . This se c tio n  sum m arises each 
c h a p te r in the thesis, and provides a guide to the s truc tu re  o f
i ■
the thesis. References are presented at the end o f each chapter, 
and are numbered consecutively w ith in  each chapter.
1.4.1 Literature Review
C hap te rs  2 and 3 re v ie w  the  w o rk  o f o th e r authors th a t is 
re le v a n t to  th is  research. There is l i t t le  work th a t studies the 
e f fe c t s  o f  h ig h w a y  l in k  d e s ig n  upon energy co n su m p tio n , 
the re fo re  Chapter 2 presents a b r ie f review  o f the work th a t has
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been undertaken generally in the fie ld  of energy and t ra n p o r t.
This ch a p te r indicates the need fo r research tha t examines the
e f fe c ts  o f road design upon energy, and i t  was this review of
research tha t suggested the subject o f th is thesis.
Chapter 3 reviews the research th a t has exam ined the  energy
costs o f road c o n s tru c tio n  and o p e ra tio n . This chapter is in 
three parts:-
The re la tio n s h ip  be tw een c o n s tru c tio n  and operation energy 
costs.
Energy costs o f road construction.
Energy costs o f road operation.
This c h a p te r h ig h lig h ts  the  la ck  o f r e l ia b le  d a ta  r e la t in g
energy costs to highway design. Therefore in order to undertake
th is  research , basic da ta  had to  be collected so tha t energy 
costs  o f construc tion  and operation could be calculated fo r the 
a lte rna tive  road designs tha t were produced.
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1.4.2 Data Collection
C hap te rs  4 to 8 describe the co llection  of data fo r this study, 
and also the method used to produce a lte rna tive  road designs. To 
undertake this research the fo llow ing items were required:-
a) G ro u n d  p r o f i le s  fo r  ty p ic a l tru n k  road and m o to rw a y  
routes.
b) V e r t ic a l a lig n m e n t design standards as used at present, 
and possible a lternatives.
c) A m ethod o f p roduc ing  v e r t ic a l a lig n m e n t designs fo r  
d iffe re n t ground profiles and design constraints.
d) Data fo r energy consumption during highway construction.
e) D a ta  fo r the fue l consumption o f vehicles trave lling  under 
ru ra l road conditions on d iffe re n t gradients.
These re q u ire m e n ts  are discussed b r ie f ly  in  th e  n e x t f iv e  
paragraphs, and in more deta il in the Chapters 4 to 8 inclusive. 
Ite m  (c) is considered before items (a) and (b) as the method of 
p roduc ing  the  ve rtica l alignments d ictates the amount and fo rm  
o f da ta  re q u ire d  fo r  po in ts  (a) and (b). R e fe ren ces  are not 
given here but w ill be found in the re levant chapters.
1.4.2.1 A Method for Designing Highway Vertical Alignments
D e s ig n in g  a h ighw ay v e r t ic a l a lig n m e n t by hand is a s low  
process. As there were a considerable number of designs to be 
produced fo r this study, a computer method was fe lt  to be more 
s u i ta b le .  T h is  had th e  f u r t h e r  advantage th a t  the  design 
techn ique  being used was c o n s is te n t fo r  a ll designs, and not 
subject to varia tion as designing by hand would have been.
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The Highway Engineering Computing Branch o f the D epartm ent o f 
T ra n s p o rt d is tr ib u te s  a su ite  o f computer programs called the 
H ighw ay O ptim iza tion  Program System (HOPS), w ritte n  by the s ta ff 
o f the Transport and Road Research Laboratory. These programs 
are described in Chapter 6, basically they produce an optim ized 
design fo r  a highway ve rtica l alignment, given a ground p ro file  
and the  design constraints. They are used by a number o f Road 
Construction Units o f the Departm ent o f the Environm ent, who are 
respons ib le  fo r  the  design and construction of trunk roads and 
m o to rw a ys , and thus represent design techniques cu rren tly  being 
used. The program s enable the user to  s p e c ify  the  required 
d e s ig n  s tanda rds , and produce an o p tim iz e d  a lig n m e n t w ith  
d e ta ils  o f the  e a rth w o rks  in vo lve d . These facto rs  made these, 
programs ideal fo r use w ith  this study. The other program suite 
a v a ila b le  a t the  t im e  of this study was the B ritish  Integrated 
P rog ram  System (BIPS). The BIPS suite is essentially an aid to 
m a n u a l d e s ig n , and o n ly  produces c a lc u la tio n s  fo r  designs 
prepared by hand and was thus not considered suitable.
1.4.2.2 Ground Profiles
F o r a v a lid  assessment o f road design to be made the ground 
shape cond itions should match those encountered in real l i fe  as 
c lo s e ly  as possib le . T h e re fo re  ground p ro f ile s  were re q u ire d  
th a t would be typ ica l of the pro files o f present trunk road and 
m o to rw a y  ro u te s . There was no data  ava ilab le  describing the 
topography  o f ty p ic a l rou te  profiles, so data fo r a number o f 
road s ite s  th ro u g h o u t the country was obtained. This data was 
m ostly acquired from  Road Construction units in a fo rm  already 
su itab le fo r the HOPS programs, or easily adaptable fo r input to  
the HOPS programs. Some data was take from  maps but th is was
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generally considered not to be a s u ffic ie n tly  accurate m ethod o f 
data co llection. The routes fo r which data was obtained are fo r 
bo th  tru n k  roads and m o to rw ays , and rep resen t a varie ty  of 
p ro file  types, they are described in more deta il in Chapter 4.
1.4.2.3 Design Standards
The recom m ended v e r t ic a l alignment design standards fo r ru ra l 
roads in the United Kingdom are given in Highway L ink  Design 
(D epa rtm en t o f Transport). When this research was commenced the 
previous manual, Layout of Roads in Rural Areas, was curren tly  
in use. A comparison o f the two standards is given in Chapter 5, 
b u t fo r  m ajor ru ra l roads they are very s im ila r. Thus the design 
s tandards used in  th is p ro ject re la te  to both documents. O ther 
p u b lic a tio n s  g ive  details o f standards fo r other countries. From 
the  d e r iv a tio n s  o f these s tandards i t  is possib le  to  produce 
a l t e r n a t i v e  v a lu e s  th a t  s t i l l  f u l f i l  s a fe ty  and c o m fo r t  
re q u ire m e n ts . These a lte rn a tiv e  standards have been used w ith  
the  HOPS programs to produce a lte rna tive  road designs tha t s t i l l  
s a t i s f y  b a s ic  d e s ig n  c r i t e r i a .  D e ta i ls  o f  th e  e x is t in g  
standards, and th e ir derivations are given in Chapter 3, and the 
a lte rn a t iv e  values exam ined in th is  research are described in 
Chapter 9.
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1.4.2.4 Energy Consumption of Highway Construction
There are three m ajor energy consuming operations during highway 
construction: earthworks, structures, and surfacing.
a) E a r th w o rk s : -  E a r th w o rk s  w i l l  va ry  co n s id e ra b ly  w ith  
d i f fe re n t  v e r t ic a l a lig n m e n t designs, and th is  va ria tio n  
can be calculated from  the HOPS programs output. Various 
s o u rc e s  o f  i n f o r m a t i o n  g iv e  d e ta i ls  o f  th e  fu e l 
consum ptions and production output o f earthm oving plant, 
a lthough  these can va ry  g re a tly  acco rd ing  to  the site 
cond itions . From this data specific  fue l consumptions have 
been c a lc u la te d  fo r  the  basic e a rth m o v in g  o p e ra tio n s . 
These fue l consumptions are described in Chapter 7.
b) S tru c tu re s :-  The numbers and sizes o f structures along a 
h ig h w a y  v a ry  a c c o rd in g  to  to p o g ra p h ic a l c o n d itio n s . 
H o w e v e r ,  in  g e n e ra l the  num ber w i l l  no t be g re a t ly  
a f fe c te d  by th e  v e r t i c a l  des ign  o f the  h ighw ay, as 
crossings o f r iv e rs , ra ilw ays, and other highways w ill be 
f ix e d  a c c o rd in g  to  the  lo c a l geography. The s ize  o f 
s tru c tu re s  may be altered by the design o f the highway, 
b u t this cannot be calculated w ithou t knowledge o f a ll the 
c ro s s in g  p o in ts .  F o r  th e  m a jo r ity  o f the  a lig n m e n ts  
exam ined th is  in fo rm a tio n  was not available, and so no 
a tte m p t has been made to quantify these in the main part 
o f  th e  s tu d y .  Some v a lu e s  fo r  the  energy costs  o f 
s tru c tu re s  and s tru c tu ra l m ateria ls are given in Appendix 
1.
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c) S u rfa c in g :-  The o v e ra ll le n g th  o f s u rfa c in g  requ ired  is 
n o t  s i g n i f i c a n t l y  a f fe c te d  by th e  d e s ig n  chan ges  
considered  in  th is  .s tudy as the le n g th  o f the  road is 
e f fe c t iv e ly  f ix e d . Therefore the cost of surfacing can be 
regarded  as being constant, fo r constant road w idths. The 
c o s t o f surfacing, and its  relevance to the overa ll energy 
cost o f constructing a road is detailed in Appendix 1.
1.4.2.5 The E ffect of Gradient on the Fuel Consumption of T raffic
There were at the tim e of this study two main reports on the 
e f fe c ts  o f gradient upon the fue l consumption o f road vehicles, 
and these are described in deta il in Chapter 3. N either o f these 
p rov id ed  data  fo r  cars th a t was considered su itab le  fo r this 
re p o r t,  as one s tud ies  A m e rica n  veh ic les, and the other uses 
speeds considerably lower than those encountered on m ajor ru ra l 
roads in  this country. For this study tests were carried out on
th re e  d if fe re n t  cars t ra v e ll in g  a t three d iffe re n t speeds on a 
v a r ie t y  o f  g ra d ie n ts .  These  te s ts  and t h e i r  r e s u lts  are 
described  in  Chapter 8. From these test results equations were 
c a lc u la te d  re la t in g  fu e l consum ption  o f each car to gradient. 
F u r th e r  equations were calculated fo r com m ercial vehicles, using
da ta  from  one of the reports mentioned above, and these are also 
described in Chapter 8.
1.4.3 Analysis of Data
C h a p te r  9 d e s c r ib e s  th e  se ts  o f a lte rn a t iv e  road designs
produced by the HOPS programs. The designs are separated in to
groups, each group examining the e ffects  o f varying one design 
s tandard  or set o f design s tandards. The c a lc u la tio n  o f the 
construction energy costs from  the data outlined in Chapter 7 is
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then explained. F ina lly  the operation costs are c a lc u la te d , and
Chapter 9 describes in deta il how the fue l consumption equations 
c a lc u la te d  in Chapter 8 were used, and how the t ra f f ic  flows and 
road l i fe  were calculated from  the available s ta tis tics .
1.4.4 Results
The re s u lts  o f the  c a lc u la tio n s  described in  C h a p te r 9 are 
presented in Chapter 10. The major group o f results examines the 
e f fe c ts  o f va ry in g  the  m axim um  g rad ien t standard, and these 
f ig u re s  are sub jec ted  to  a d e ta ile d  s e n s it iv ity  ana lys is . The
results fo r each of the remaining design standards are presented 
and discussed se p a ra te ly . The conc lus ions o f the  s e n s it iv ity  
a n a ly s is  o f  th e  m a x im u m  g ra d ie n t re s u lts  are used w here 
a p p ro p r ia te  to  p re d ic t  the s e n s it iv ity  o f the  o th e r design 
s tandards to  changes in e ith e r  c o n s tru c tio n  cost or operation 
cost.
1.4.5 Conclusions and Recommendations fo r  F urther Work
C h a p te r 11 presen ts  the  au tho r's  conc lus ions based upon the
d iscussion o f the results presented in Chapter 10, and the data 
c o l le c t io n  d e s c r ib e d  in  C h a p te rs  4 to  8. F o l lo w in g  the
conc lus ions, C h a p te r 12 presen ts  the  author's recommendations 
fo r fu rthe r research resulting from  the findings o f th is thesis.
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Energy Use by Transport
Introduction
This Chapter presents a general review o f energy resources and 
c o n s u m p tio n , w ith  a p a r t ic u la r  em phasis on road tra n s p o r t.  
Research examining ways o f reducing oil usage by road transport 
is sum m arised. The purpose o f this Chapter is to illu s tra te  the 
trends  in research, and to indicate the areas where research has 
not been undertaken.
i
The f i r s t  section looks b rie fly  at the world consumption o f the 
m a jo r energy resources. The im p o rta n ce  o f o il as an energy 
source , and the  re la tiv e ly  short l i fe  o f known o il reserves are
shown. The breakdown of o il consumption by user h ighlights the 
im p o rta n c e  o f tra n s p o rt,  p a r t ic u la r ly  road transport, which is 
the largest single consumer o f o il.
Section 2.3 presents a b rie f review o f research  in to  tra n s p o r t  
and energy consum p tion , and this indicates tha t most research 
has c o n c e n tra te d  upon ve h ic le  design and usage, and th a t  
r e la t iv e ly  l i t t l e  research has considered the e ffec ts  o f highway 
design upon energy consumption.
Section 2.4 discusses the various highway design param eters  and 
t h e i r  e f fe c ts  upon fu e l usage by road ve h ic le s . Roads are
discussed as tw o  d is t in c t  groups, urban roads and ru ra l roads.
The d e s ig n  o f  th e  ro a d  is a lso considered  in tw o  p a rts ,
horizonta l alignment design and ve rtica l alignment design.
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2 Energy Resources and Consumption
2.1 World Energy Consumption
Tab le  2.1 (1) shows the w o rld  consumption o f p rim ary energy 
sources ( fo r 1977, 1980 and 1981). This table shows tha t o il is 
the  la rg e s t s ing le  energy source, providing over 40 percent of 
the  w o rld 's  energy needs. P roved o il resources fo r 1977 were
88.6 thousand m illion  tonnes (1), and at 1977 consumption rates 
these resources would be exhausted in 29 years. By 1981 proved 
resources had increased  to  92.1 thousand m illio n  tonnes, and 
consum p tion  had fa lle n  s lig h t ly  g iv in g  an increased  resource 
l i f e  o f 31 years. Further, new resources o f o il continue to be 
lo c a te d ,  and as o il becomes sca rce r p re v io u s ly  uneconom ic  
resources become viable. As the search fo r and extrac tion  of o il
becom e m ore d i f f ic u l t  the price increases, and this leads to a 
f a l l  in consum ption and a sw itch to a lte rna tive  energy sources. 
This can be seen in table 2.1, world o il consumption fa llin g  by 
3 percent between 1980 and 1981, and fo r the United Kingdom o il 
consum p tion  f e l l  fro m  79 m illion  tonnes in 1977 to 64 m illion  
tonnes in 1981 (2), pa rtly  a response to a series o f sharp o il
p r ic e  r is e s .  C le a r ly  th o u g h , the  w o rld 's  o il resources are 
f in ite , and are being rap id ly consumed.
2.2 Breakdown of Oil Consumption
Tab le  2.2 (1,2) shows the breakdown of o il consumption by end 
user fo r  Western Europe, the United States o f Am erica, and the 
U n ited  Kingdom. In a ll three areas transport is the largest user 
o f  o i l ,  be ing respons ib le  fo r  50 p e rce n t o f the U .S .A . o il 
consum p tion , 37 p e rce n t o f the U .K ., and 30 percent o f the 
W estern  European figure (1977 values). By 1981 the U .K . figure
had increased to 47.7 percent o f to ta l o il consumption (data fo r
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other countries not being available since 1977). This pe rcen tag e  
increase  is due to  a f a l l  in  the  to ta l U .K . o il consumption
c o m b in e d  w i th  a s l ig h t  r is e  in  th e  U .K .  t r a n s p o r t  o i l
consumption.
T ra n s p o rt is also a lm o s t e n t ire ly  dependent upon o il, only 1 
p e rce n t o f the energy i t  consumes coming from  other sources. 
Tab le  2.3 (3) shows the  breakdow n o f energy consumption by 
tra n s p o r t in  the  U .K . This shows tha t road transport consumes 
over 79 p e rce n t (1981) o f the  o il consumed by a ll transport, 
th is  f ig u re  being s im ila r  fo r  bo th  the U .S .A . and the  U .K. 
(3 ,4 ). The consum ption o f o il by road transport can be fu rth e r 
b roken  down to  show the  pe rcen tages  o f fu e l consum ed by 
a u to m o b ile s , buses, and goods ve h ic le s  (trucks in the U.S.A.),
and these figures are given fo r  both the U .K. and the U.S.A. in
ta b le  2.4 (3 ,4 ). This i l lu s tra te s  the im portance of the priva te  
c a r, consuming 64 percent o f to ta l road o il consumption fo r the 
U .K ., and 87 percent fo r the U.S.A. The much lower consumption 
by goods veh ic le s  in  the U .S .A . is due to the high usage of
railways and waterways fo r fre ig h t transport.
Summarising these s ta tis tics , tra n s p o rt is the  la rg e s t end user 
o f o i l,  and w ith in  transport the largest user is road transport,
and w ith in  road tra n s p o rt the largest user is the priva te  car. 
Thus the  p r iv a te  car is the  la rg e s t s ing le  end user o f o il, 
a cco u n tin g  fo r  35 percen t o f the to ta l o il consumption in the 
U.S.A., and 24 percent in the U.K.
Research in to  Energy and Transport
The p rev ious paragraphs have shown the problem of world o il
consum p tion  and resources, and the  great im portance o f road 
t r a n s p o r t  in  o i l  c o n s u m p tio n . C oncern  about the  l i f e  and
a v a i la b il i ty  o f o il resources was pa rticu la rly  emphasised by the
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M iddle East war of 1973. This highlighted the problems of being 
dependent upon one p a r t ic u la r  f in ite  energy source, the m ajor 
s u p p lie s  o f  w h ic h  lie  in  an area o f cons ide rab le  p o l i t ic a l 
in s t a b i l i t y .  E f f o r t s  to  f in d  m ethods o f reduc ing  bo th  the 
consum p tion  o f o il and the dependence upon o il have led to a 
cons ide rab le  program m e o f research. A large proportion o f this 
re s e a rc h  has c o n c e n tra te d  upon th e  energy e f f ic ie n c y  o f 
t r a n s p o r t ,  p a r t ic u la r ly  road tra n s p o r t,  as road tra n s p o r t a t 
p re s e n t is n o t on ly  the  la rg e s t s ing le  user o f o i l,  b u t is
a lm o s t to ta lly  dependent upon oil fo r its  energy source. A large 
p ro p o rt io n  o f th is  research has been undertaken in the U.S.A.,
w here  a lm ost a ll the o il consumed is now im ported, and there is 
thus a great desire to reduce oil consumption. This is not only 
to  c u rb  im p o r t  sp e n d in g , b u t also to  t r y  and reduce the  
dependence upon supplies from  the M iddle East, an area in which 
in recent years the U.S.A. has been losing p o lit ica l in fluence.
The m a jo rity  o f the research has examined methods o f im proving 
th e  e f f ic ie n c y  o f th e  p r iv a te  c a r ,  beca use  o f  the  h igh 
p ro p o rt io n  o f the to ta l o il consumption fo r which the priva te
c a r  is re s p o n s ib le .  M any re p o r ts  have also exam ined the  
e f f i c ie n c y  o f goods v e h ic le s ,  b u t th e  p ro p o rt io n  o f fu e l 
consumed by road fre igh t transport is lower in the U.S.A. than
Europe due to the greater use o f railways, so the emphasis has 
te n d e d  to  be on the  p r iv a te  c a r. Goods ve h ic le s  are also 
considered to be re la tive ly  more economical than cars, and thus 
to o ffe r less scope fo r reduction in fue l consumption.
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The research projects tha t have examined the priva te  ca r can be
considered in three generalised groups:-
Vehicle design.
Vehicle operation.
Use o f a lte rna tive  transport modes.
A b r ie f  re v ie w  o f a s e le c tio n  o f ty p ic a l re p o rts  on th e s e  
research  to p ic s  fo llo w s . This re v ie w  is presented to illu s tra te  
th e  t re n d s  in  re s e a rc h  in to  energy consum ption  and road 
tra n s p o r t,  and is not intended to be a complete review  of a ll 
research in to  energy and road transport.
2.3.1 Methods of Improving Vehicle Design
The research tha t has been conducted into vehicle design can be
separa ted  in to  tw o  groups. The f i r s t  group examines possible 
chan ges  to  e x is tin g  v e h ic le  design and te c h n o lo g y , such as
sm a lle r vehicles and sm aller engines. The second group considers 
the  use o f a lte rn a tiv e  vehicle types, such as e le c tr ic  vehicles, 
or hybrid  vehicles which use a com bination o f an e le c tr ic  m otor 
and a sm all in terna l combustion engine.
2.3.2 Existing Vehicle Design and Technology
In  the  U .S .A . a high p ro p o rt io n  o f research  has centred on 
m ethods o f im p ro v in g  current vehicle technology, pa rtly  due to 
sponsorship by the A m e rc ia n  m otor vehicle m anufacturers. The 
in v o lv e m e n t o f the m anufacturers has been prompted by fa llin g  
sales o f la rg e  home b u i lt  ca r m odels and increasing sales o f 
sm aller more e ffic ie n t im ported cars.
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Huebner and Gasser (5) and Austin and Heilman (6) are ty p ic a l o f 
many re p o rts  th a t exam ine the  e f fe c ts  o f chang ing  existing 
ve h ic le  design parameters. Austin and Heilman use a regression 
ana lys is  to  in v e s tig a te  the e ffe c ts  upon fue l consumption o f a 
w ide  range o f vehicle design parameters and conclude tha t the 
m o s t im p o r ta n t  s in g le  v e h ic le  design fa c to r  a f fe c t in g  fu e l 
econom y is weight. Huebner and Gasser examine the e ffe c ts  of 
engine e f f ic ie n c y  and design, transmission, aerodynamics, tyres, 
accessories, w e ig h t, and emmissions controls. Both reports note 
t h a t  in c r e a s in g  v e h ic le  w e ig h t  and in c re a s in g ly  s e v e re  
em m issions c o n tro ls  ( in  the  U .S .A .) have reduced vehicle fue l 
economy substantia lly.
Austin  and Heilman consider tha t the greatest po ten tia l fo r  fue l 
e c o n o m y  im p ro v e m e n t  is in  re d u c in g  v e h ic le  w e ig h t and 
consequently  engine size. Huebner and Gasser suggest the use of 
a com bination o f the fo llow ing to improve fue l economy:-
Improved engine e ffic iency .
Improved d rive tra in  e ffic iency .
Reduced aerodynamic drag.
Reduced ty re  ro lling  resistance.
Reduced vehicle size.
There are many other reports tha t examine potentia l im provements 
to  e x is tin g  v e h ic le  te ch n o lo g y , and these a ll present s im ila r 
conc lus ions . These re p o rts  conclude tha t there are considerable 
reductions in fue l consumption to be made by im proving vehicle 
technology, and the demand fo r more economical vehicles is being 
encouraged by r is in g  fu e l p r ic e s . W h ils t investigations o f this 
ty p e  p ro v id e  w ays o f p ro lo n g in g  the  l i f e  o f e x is tin g  o il 
resources th e re  rem a ins the  p rob lem  o f being re lian t upon a 
single f in ite  energy source.
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.3 Alternative Vehicle Types
Some au thors exam ine a lte rn a t iv e  v e h ic le  types to  those at 
present in use, in some cases to try  and remove the dependance 
upon a s ing le  energy source. Two common types of a lte rna tive  
vehicle examined are hybrid vehicles and e lec tr ic  vehicles.
Hybrid vehicles (7) use a small in te rna l com bustion  engine and 
e le c tr ic  transmission w ith  ba tte ry  storage. The engine runs at a 
constant speed and varia tion  in the power demands by the vehicle 
is absorbed by the  b a tte r ie s , s to r in g  pow er on descents and 
d e c e le ra tio n s  and re leasing  power on ascents and accelerations. 
Th is can g ive  an o v e ra ll im provement in fue l economy as the 
engine can be run continously at maximum e ffic ien cy , but the 
vehicle is s t i l l  re lian t upon o il as its  main energy source.
E le c tr ic  v e h ic le s  (8 ,9 )  a re  a t p re s e n t o n ly  s u i ta b le  f o r  
r e la t iv e ly  sh o rt t r ip s ,  and w h ils t they are not dependent upon 
any one energy source, are no t s ig n if ic a n t ly  m ore e f f ic ie n t  
o v e ra ll due to  the  losses in vo lve d  in  e le c t r ic i t y  genera tion . 
A u s tin  and H e ilm an  (21) show th a t  trips  of 40 m iles or less 
accoun t fo r  70 p e rce n t o f vehicle mileage in the U.S.A., and 
these lie  w ith in  the  p resen t c a p a b ilit ie s  o f e le c tr ic  vehicles. 
H ow eve r the freedom to be able to undertake longer trips  when 
desired is norm ally required by the car owner, although changes 
in  s o c ia l h a b its ,  o r fo rc e s  o f econom ics cou ld  a lte r  th is  
s itu a t io n . Research continues in to  methods o f producing lig h te r, 
more e ffic ie n t methods of storing e lec tr ica l energy, which would 
increase  the  m ileage  range o f e le t r ic  ve h ic le s . One fu r th e r  
p ro b le m  w i th  e le c t r ic  v e h ic le s  is th e  a v a i la b il ty  o f the  
resources to  m a n u fa c tu re  s u f f ic ie n t  s to rage batte ries to have 
any im p a c t upon the  w o rld  tra n s p o rt fu e l consu m p tion . The
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q u a n titie s  o f a num ber o f the  basic raw  m a te r ia ls  fo r  the  
d if fe re n t  b a tte ry  types are seve re ly  l im ite d ,  and th is  would 
m ake i t  im poss ib le  to  c o n s tru c t s u ffic ie n t batteries to supply 
more than a sm all percentage o f road vehicles.
2.3.4 Methods of Improving Vehicle Usage
Changes to  v e h ic le  operation can provide rapid, in some cases 
im m e d ia te , and cheap methods o f reducing fue l consumption. A 
good example o f this is the in troduction  o f lower national speed 
l im i ts  in  the U.S.A and the U .K . during the M iddle East crisis 
o f 1973. F o r n e g lig ib le  c a p ita l cost these m easures brought 
about a small, but im m ediate, reduction in o il consumption.
A considerable amount o f research has s tud ie d  the  e f fe c ts  o f 
changes in  v e h ic le  operation. Most reports consider the various 
n o n -v e h ic le  fa c to r s  a f f e c t in g  v e h ic le  fu e l consu m p tion  in  
general terms as an in troduction, and then concentrate on those 
w h ic h  th e y  co n s id e r to  be m ost s ig n if ic a n t,  o r w here the  
greatest scope fo r change may lie .
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A u s tin  and H e ilm a n  (6) l i s t  th e  m o s t s ig n i f ic a n t  v e h ic le  
o p e ra tio n a l va r ia b le s  a f fe c t in g  passenger car fue l consumption 
as:-
Average speed.
Range o f speeds.
Freguency o f m ajor speed changes.
Frequency o f m inor speed changes.
Engine tem perature at s ta rt up.
T rip  length.
Road surface.
Road curvature.
Grade.
Am bient conditions (tem perature, barom eter, hum id ity , wind).
The f ir s t  six item s in th is lis t w i l l  be fu n c tio n s  o f bo th  the  
o p e ra tio n  o f the vehicle and the design o f the road, the next 
th re e  are a t tr ib u te s  o f the road design. These two groups of 
ite m s  are exam ined in  the  nex t tw o sections. The last item , 
w h ich  is basically the weather, is la rge ly beyond any reasonable 
fo rm  o f c o n tro l a t p resen t, a lthough  the s iting  o f roads can 
help to  m it ig a te  the  m ost e x tre m e  cond itions, such as those 
encountered a t very high altitudes.
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C la ffey  (12) discusses road design e ffec ts  and t r a f f ic  c o n d it io n  
e f fe c ts  s e p a ra te ly .  He l i s t s  th e  fo llo w in g  seven p hys ica l
features o f road design as a ffe c ting  vehicle operating costs:-
P ro file  (ve rtica l alignment).
A lignm ent (horizontal).
Surface.
Intersec tions-at-grade.
Access-exit points.
Road and shoulder widths.
Length.
C la ffe y  summarises t ra f f ic  condition e ffec ts  as being only where 
t r a f f ic  vo lum es a f fe c t  the  speeds o f ve h ic le s , producing the 
types o f speed change previously lis ted from  Austin and Heilman.
Thus these tw o  reports, typ ica l in th e ir general in troduction  to 
the  su b je c t, p resen t the same basic item s, but using d iffe re n t
categories.
The data presented by C la ffey  shows tha t fo r modern m ajor ru ra l 
roads the  road design fe a tu re  th a t has the  m ost s ig n ifica n t
e f f e c t  upon fu e l c o n s u m p tio n  is the p ro f i le  o f the  road 
(v e r t ic a l a lig n m e n t). The o th e r fe a tu re s  described above may 
have s ig n if ic a n t  a ffe c ts  on lower qua lity  roads. Some o f these 
ro a d  design fe a tu re s  w i l l  also a f fe c t  some non -road  design 
va r ia b le s , fo r  exam ple h o r iz o n ta l cu rva tu re  may a ffe c t speed, 
and junction  design may a ffe c t the number o f s top /s ta rt cycles. 
H o w e v e r  fo r  the  purposes o f th is  re v ie w  ve h ic le  o p e ra tio n  
e f fe c ts  ( in c lu d in g  those caused in d ire c t ly  by road design) and 
road design e ffe c ts  are trea ted separately.
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.5 Vehicle Operation Effects
M ost research in th is category has studied the e ffe c ts  upon fue l 
consum p tion  o f ve h ic le s  in  urban areas. This is because under 
u rban  co n d itio n s  t r a f f ic  congestion  is g e n e ra lly  g re a te r and 
th u s  ve h ic le  f lo w  is m ore fre q u e n t ly  in te r ru p te d , g iv in g  an 
increased  num ber of speed change cycles. Vehicles trave lling  in 
urban areas are also shown to be m ostly making short trips , and 
Austin  and Heilman (6) and Scheffle r and N iepoth (10) both show 
th a t  ve ry  sh o rt t r ip s  (w h ich  are the most frequent) have the 
h ighes t fu e l consumption, pa rticu la rly  when s ta rting  w ith  a cold 
e n g in e . S c h e f f le r  and N ie p o th  also discuss the  e f fe c ts  o f 
ambient tem perature upon warm-up tim e  and thus fue l consumption.
Several au tho rs  in v e s tig a te  the  e ffe c ts  o f the  speed change 
cycles tha t repeatedly occur in urban t ra f f ic .  Evans, Herman and 
Lam  (11) use a regression analysis to show tha t average journey 
speed explains over 70 percent of the variance in fue l economy 
in  u rb a n  areas. A u s tin  and H e ilm a n  (21) also p resen t da ta  
show ing a s tron g  re la t io n s h ip  between average speed and fue l 
consumption in urban areas. This is thought to be because higher 
average speeds in d ic a te  a jo u rn e y  w ith  few er speed changes, 
which would increase fuel consumption, and the maximum speeds 
usua lly  reached are below the level at which fue l consumption 
s ta rts  to increase due to speed.
C la f fe y  (12) and E v e ra ll (13) bo th  q u a n t i f y  in  d e ta i l  th e  
e f fe c ts  o f speed upon v e h ic le  fu e l consum ption, th is being a 
steady s ta te  speed and not an average speed, although Evera ll 
inc ludes some sm a ll speed fluctua tions. Their results show tha t 
consum ption  fa lls  as speed increases to a m inimum value usually 
a t a speed between 50 and 60 km /hr, and then consumption rises
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w i t h  f u r t h e r  in c re a s e  in  spee d . C la f fe y  a lso  e v a lu a te s  
q u a n t ita t iv e ly  the  e f fe c ts  o f a va rie ty  of slow down/speed up 
cyc le s  as encountered under d iffe re n t driv ing conditions, and on 
both urban and ru ra l roads.
E v e ra ll is one o f the  fe w  au tho rs  to  examine the e ffe c t of 
d r iv in g  te chn iques , using a v a r ie ty  o f drivers operating under 
d i f fe re n t  d r iv in g  in s tru c t io n s , and shows tha t d iffe re n t drivers 
can  cause la rg e  d iffe re n c e s  in  fu e l consu m p tion . This is a 
va lu a b le  re s u lt  as i t  shows th a t  d rive r behaviour can have a 
ve ry  s ig n if ic a n t  e f fe c t  upon fue l consumption, and is there fo re  
a f a c to r  th a t  s h o u ld  be c o n s id e re d  when e xa m in in g  fu e l 
c o n s e rv a tio n  s tra te g ie s . There is no data tha t measures driver 
b e h a v io u r on roads a t p re se n t, and thus i t  is reg re ttab ly  not 
possible to include driver e ffec ts  in fue l cost calculations.
The g e n e ra l c o n c lu s io n  o f  th e s e  r e p o r ts  is th a t  t r a f f i c  
c o n d it io n s  a re  g e n e ra l ly  the  m ost im p o r ta n t s in g le  fa c to r  
a f fe c t in g  fu e l consumption in urban areas due to  the in fluence 
o f o th e r t r a f f i c  on vehicle speed and speed change cycles. On 
ru ra l roads, t r a f f i c  is g e n e ra lly  f lo w in g  f re e ly ,  and there is 
m uch less in te r fe re n c e  betw een vehicles. The work o f E ve ra ll 
s u g g e s ts  th a t  unde r these c o n d itio n s  the  v e h ic le  o p e ra tio n  
f a c t o r  m o s t a f fe c t in g  v e h ic le  fu e l consum p tion  is p ro b a b ly  
d r iv e r  beh av io u r, but un fortunate ly there is no data quan tify ing  
d rive r behaviour on ru ra l roads.
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2.3.6 Road Design Variables
A t the tim e  of commencing this research the two most s ign ifican t 
re c e n t re p o rts  th a t s tud ied  and quantified the e ffe c ts  o f road 
design in  d e ta il were E v e ra ll (13) and C la f fe y  (12), Evera ll 
s tu d y in g  U .K . v e h ic le  types and C la ffe y  U.S.A. vehicle types. 
Both these studies are examined in more deta il in Chapter 3, but 
th e ir work is b r ie fly  summarised here.
Everall has examined the e ffe c ts  o f road c o n d itio n s  upon the  
fu e l c o n s u m p tio n  o f  s e v e ra l ve h ic le  types. A re la t io n s h ip  
between speed and fue l consumption is derived and the e ffe c ts  o f 
road g ra d ie n ts  are e va lua ted . G ra d ie n ts  below  3 percent are 
shown to  s ig n if ic a n t ly  a f fe c t  goods veh ic le s , bu t to  have a 
re la tiv e ly  sm all e ffe c t upon cars at the low speeds used in the 
report.
C la f fe y  exam ines the  e ffe c ts  o f road surface, curvature , and 
g ra d ie n t upon a typ ica l U.S.A. car at a va rie ty  o f speeds (see 
C h a p te r 3). Tabulations are presented, and an example shows how 
the  e ffe c ts  o f a road improvement upon fue l consumption can be 
calculated.
The resu lts  o f both C la ffey  and Evera ll suggest tha t fo r modern 
high speed high capacity roads, gradients are the most im portan t 
design fa c to r  a f fe c t in g  fu e l consum ption. Section 2.4 looks in 
more deta il at road design and energy consumption.
2.3.7 Use of Alternative Transport Modes
A la rg e  number of authors consider the problem of energy and 
tra n s p o r t in  o v e ra ll te rm s , and look  a t the  p o s s ib ilit ie s  fo r  
s w itc h in g  fro m  the less e ffic ie n t modes to the more e ffic ie n t 
modes. H irs t  (4) is ty p ic a l and he examines the e ffic ien cy  of
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a ll m ajor modes o f fre ig h t and passenger tra n s p o r t.  Cars and 
tru c k s  are shown to  be the  le a s t e f f ic ie n t  fo rm  of surface 
t r a n s p o r t ,  and th e  use o f r a i l  and bus as a lte rn a tiv e s  is 
eva lua ted. The e ffe c ts  o f vehicle design and occupancy are also 
exam ined . Goss and McGowan (14) also consider tha t the most 
e f f ic ie n t  passenger transport systems are buses and tra ins, and 
recom m end tha t the use o f these public transport modes should be 
encouraged. Sh innar (15) concludes tha t w ithou t changes to the 
p resen t way o f l i fe  (in the U.S.A.) public transporta tion cannot 
o f fe r  any substantial energy savings compared to a w e ll designed 
energy e ffic ie n t car.
Effect of Highway Design Upon Energy Consumption
The p re v io u s  s e c t io n s  have shown the im p o rta n c e  o f road 
tra n s p o r t in  w o rld  o il consum ption, and reviewed the research 
exam in ing methods of reducing road vehicle fue l consumption. The 
m a jo r ity  o f research concentrates upon the design and operation 
o f  ro a d  v e h ic le s ,  and few  s tud ies  cons ide r the  e f fe c ts  o f 
h ighw ay design upon road vehicle fue l consumption. Highways are 
usua lly  separa ted  in to  tw o d is t in c t  groups, urban and ru ra l. 
T hese  tw o  g ro u p s  have  d i f fe re n t  c h a ra c te r is t ic s ,  and thus 
d i f fe r e n t  design standards and c o n s tra in ts . C onsequen tly  the  
variables a ffe c ting  vehicle fue l consumption are d iffe re n t.
The design o f roads can also be separated in to  two c a te g o r ie s , 
h o r iz o n ta l a lig n m e n t design and ve rtica l alignment design. The 
h o r iz o n ta l design covers road w id th , horizonta l curvature , and 
ju n c t io n  design. The v e r t ic a l a lig n m e n t design covers gradient 
and ve rtica l curvature.
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.1 Urban Roads
The H ighw ay Capacity Manual (16) describes urban and suburban 
roads as using t r a f f ic  contro l at junctions and/or having speed 
l im i ts  o f 35 m .p.h  or less. I t  fu rth e r states tha t under urban 
co n d itio n s  t r a f f ic  is moving at low speeds w ith  frequent speed 
re d u c tio n s  due to other t ra f f ic  and road junctions. I t  has been 
shown (11) th a t  under these conditions the fuel consumption of 
ve h ic le s  can be a c c u ra te ly  described by the  average journey 
speed. M ost ve h ic le s  are operating at th e ir peak e ffic ien cy  at 
3 0 -3 5  m .p .h , the  m axim um  n o rm a lly  a tta in a b le  under urban 
c o n d it io n s ,  and speed chan ges  cause  an increase  in  fu e l
consu m p tion . T h e re fo re  lo w e r average speeds ind ica te journeys 
w ith  more speed reductions and/or lower speeds causing increased 
fu e l consum p tion . Thus the most im portant aspects o f highway 
des ign  under urban c o n d itio n s  are those th a t a f fe c t  t r a f f i c  
movement. The Highway Capacity Manual gives these as junction  
la y o u t, design, and q u a n tity , and states tha t the alignment of 
the road has re la tive ly  l i t t le  e ffe c t.
The overall fue l used fo r a journey w ill be a fu n c t io n  o f the  
jo u rn e y  le n g th  and the  average fu e l consum p tion  du ring  the 
jo u rn e y .  I t  has been d e s c r ib e d  p re v io u s ly  t h a t  the  fu e l
consum p tion  w i l l  be re la te d  to  the  average speed during the 
jo u r n e y .  T he  jo u r n e y  le n g t h  w i l l  be a f fe c te d  by th e  
c o n f ig u ra tio n  o f the road network. Some journeys in a network
m ay in c u r  c o n s id e ra b le  excess d is ta n ce , because th e re  are 
in s u f f ic ie n t  lin k s  to  p e rm it a d ire c t  ro u te  be tw een the end
po in ts  o f the jo u rn e y . T h e re fo re  fue l usage in an urban area 
w i l l  to  some extent depend on how e ffic ie n tly  the road network 
perm its the most popular journeys to be made.
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O 'F laherty (17) considers the  m e rits  o f th re e  types o f urban 
network, grid -iron , rad ia l, and linea r:-
Grid Iron Radial L inear
For the grid -iron  type which is com m on in the  la rg e r  U .S .A . 
c it ie s ,  the  m inimum  length journeys are those tha t are para lle l 
to  the  g rid , and the maximum length are those tha t are diagonal. 
O 'F la h e r ty  d e s c r ib e s  how seve ra l U .S .A . c it ie s  have added 
d iagona l links to the grid iron pattern  in order to improve flow  
and jo u rn e y  le n g th . There  is a tra d e -o ff  between numbers of 
lin k s , and the congestion tha t w ill be caused by the increased 
number of con flic ting  manoeuvres at the more complex junctions 
c re a te d . S teenbrink (18) reviews in deta il methods o f optim ising 
n e tw o rk  configuration to m inim ise the trave l costs in a specific  
network fo r a specific  set o f trips.
Rural Roads
The Highway Capacity Manual describes ru ra l roads as those where 
the  t r a f f ic  is m oving  at re la tive ly  high speeds w ith  in frequent 
f ix e d  t r a f f ic  in te ru p tio n s . This is p a r t ic u la r ly  the  case w ith  
d u a l c a rr ia g e w a y s  and m o to rw ays , w here  o v e r ta k in g  is less 
re s tr ic te d  and grade separation is frequently  used at junctions, 
producing a steady speed s itua tion  over long lengths o f road.
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C la ffey  (12) has shown tha t on ru ra l roads the m ost im p o r ta n t 
h ighw ay design fa c to rs  a f fe c t in g  veh ic le  fue l consumption are 
g r a d ie n t ,  c u r v a tu r e ,  and s u r fa c e  (see C h a p te r  3 ). The 
recom m ended values and methods fo r the design and construction 
o f modern major roads in the United Kingdom (19 and 20) are o f a 
s u f f ic ie n t ly  high s tandard  fo r  c u rva tu re  and surface roughness 
no t to  reach values where C la ffey  shows tha t they s ign ifican tly  
a f f e c t  fu e l  c o n s u m p tio n . The g ra d ie n t s tandards used (see 
C h a p te r 3) are usua lly  a m axim um  o f e ith e r  3 pe rcen t fo r 
m oto rw ays or 4 percent fo r trunk roads iri the United Kingdom 
(19). C la ffe y  and Evera ll both show th a t the fue l consumption of 
ro a d  v e h ic le s ,  p a r t i c u l a r l y  c o m m e r c ia l  v e h ic le s ,  a re  
s ig n ifica n tly  a ffec ted  by gradients o f these values.
Importance of Road Types
Roads in the U .K . (urban and rura l) are separated in to fou r main 
groups:-
Trunk roads (including most motorways).
Principa l c lassified roads (including a few motorways).
Non-principal c lassified roads.
Unclassified roads.
Tab le  2.3 (3) shows the  to ta l le ng ths  o f each o f these road
types and also the percentages o f the to ta l road netw ork tha t
th e y  re p re se n t. T o ta l v e h ic le  m ileages (3) are also given fo r  
each road typ e , and also as percentages o f the to ta l vehicle 
m ileage fo r a ll roads. From these two figures the average flow  
fo r  each road type  has been ca lcu la ted, these flow s are also
presen ted  in  ta b le  2.3 . T runk roads can be seen to have an
average f lo w  o f over 4.8 m ill io n  ve h ic le  miles per year, six 
tim e s  the average f lo w  fo r  a ll road types. This table c lea rly
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shows the importance o f motorways and trunk roads, since they
represent less than 5 percent of the road network but carry  over 
26 percent of the to ta l vehicle mileage. Therefore the design of 
these* roads is im p o r ta n t,  as a change to  th e ir design would 
a ffe c t a high proportion o f vehicle mileage.
Concluding Remarks
W orld  o il resources are being rapid ly depleted, and the largest 
s in g le  user o f o i l is the p r iv a te  c a r. As consumption o f o il 
g e n e ra lly  fa l ls ,  consum ption  by the  p r iv a te  car has remained 
re la t iv e ly  constant, thus the percentage o f o il tha t is consumed
by the  priva te  car has steadily increased. A considerable amount 
o f  re s e a rc h  has e x a m in e d  m e th o d s  o f re d u c in g  the  fu e l 
consum p tion  o f road transport, p a rticu la rly  the priva te  car, and 
the  a lm os t to ta l dependence upon o il. However, most of these 
research  p ro je c ts  have evaluated the e ffe c ts  of vehicle design, 
typ e  and operation, and l i t t le  work has investigated the e ffe c ts
o f road design, although some reports do show this to have a 
s ign ifican t e ffe c t upon fue l consumption.
Section 2.4.1 describes research  th a t suggests th a t  fo r  urban 
roads the  design o f the  road a lig n m e n t has re la t iv e ly  l i t t le  
e f fe c t  upon vehicle fue l consumption, the quantity  and design o f 
junctions, and the network configuration being more im portan t.
For high qua lity  ru ra l roads paragraph 2.4.2 discusses da ta  th a t  
in d ic a te s  th a t the h o r iz o n ta l a lig n m e n t and surface roughness 
s tandards are such th a t they  do not s ig n if ic a n tly  a ffe c t fue l
consum p tion . The h ighw ay design feature  o f m ajor ru ra l roads 
th a t has the most s ign ifican t e ffe c t on vehicle fue l consumption 
is ve rtica l p ro file , which is essentially the road gradient.
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High qua lity  ru ra l roads in  the  U .K . ( tru n k  roads) fo rm  less 
than  3 percent of the to ta l road network (by length) but carry 
ove r 26 p e rce n t o f the  to ta l ve h ic le  m ileage . Therefore the 
g re a te s t scope fo r  changes in road alignment design to a ffe c t 
th e  fu e l c o n s u m p tio n  o f veh ic le s  is in  the  design o f the  
ve rtica l a lignm ent o f high qua lity  ru ra l roads.
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TABLE 2.1
World Primary Energy Sources Consumption 
Million tonnes oil equivalent
(B.P. Statistical Review)
Year Oil Gas Solid Fuel Water Nuclear Total
1977 2972.4 1167.8 2035.9 384.8 126.5 6687.4
1980 3001.5 1306.1 2006.5 413.7 164.8 6892.6
1981 2901.7 1332.0 2007.2 416.8 191.1 6848.8
TABLE 2.2
Percentage Breakdown of Oil Consumption by End User 
(B.P. Statistical Review and Digest U.K. Energy Statistics)
West Europe United States United Kingdoi
1973 1977 1973 1977 1977 1981
Transport' 26.0 30.0 48.0 50.0 37.0 47.7
Domestic and 23.0 21.0 17.0 15.0 4.0 3.6
Commercial
Industry 25.0 25.0 11.0 10.0 27.0 21.5
Other 14.0 14.0 15.0 14.0 11.0 10.4
Transformation 12.0 10.0 9.0 11.0 21.0 16.8
TABLE 2.3
Breakdown of United Kingdom Transport Oil Consumption
(Transport Statistics Great Britain 1971-1981)
M Tonnes Percentage Total Percentage Total
Transp. Consumpn. Consumption
1978 1981 1978 1981 1978 1981
Railways 0.89 0.81 2.88 2.64 1.10 1.26
Road 24.22 24.27 78.46 79.24 29.84 37.81
Water 1.20 1.02 3.89 3.33 1.48 1.59
Air 4.56 4.53 14.77 14.79 5.62 7.05
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TABLE 2.4
Percentage Breakdown of Oil Consumption by Road Transport 
(Transport Statistics Great Britain 1971-1981 and Hirst) 
United Kingdom United States
1978 1970
Cars and M/cycles 64.0 87.0 (automobiles)
PSV and Taxis 4.0 1.0 (buses)
Goods Vehicles 31.0 12.0 (trucks)
Miscellaneous 1.0 -
TABLE 2.5
Relative Lengths and Vehicle Mileages of U.K. Road Types 
(Source Transport Statistics Great Britain 1971-1981)
Road Type Kms. % total 
Kms.
V eh. Kms. 
Millions
% total 
V eh. Kms .
Av. Flow 
Vehs/year
Trunk 14829 4.39 72010 26.13 4856025
Principal 34508 10.21 91710 33.28 2657645
Classified
non-principal
108611 32.13 68400 24.82 629770
Unclassified 180088 53.27 43450 15.77 241271
Total 338036 100.00 275570 100.00 815209
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Road Design and Transport Fuel Consumption 
Introduction
This C h a p te r rev iew s  the l i te ra tu re  a va ila b le  tha t researches 
th e  e f fe c ts  o f  h ig h w a y  lin k  design s tandards upon energy 
consumption. There has been found to be l i t t le  research into the 
com bined change in  c o n s tru c tio n  and o p e ra tio n  energy costs 
caused by va ria tio n  in road design standards. Three reports are 
discussed in  se c tio n  3.2, o f these on ly one considers energy 
costs , the  o th e r tw o  compare money costs of construction and 
o p e ra tio n . In view of the lack of research into the re lationship 
b e tw e e n  e n e rg y  c o s ts , th e  a u th o r  f e l t  th a t i t  w ou ld  be 
a p p ro p ria te  to  in c lud e  the  re p o rts  comparing money costs, as 
these in c lud e  some energy cost calculations and also illu s tra te  
methods o f comparing costs o f road construction and operation.
This Chapter then considers research tha t has exam ined energy 
costs o f e ither road construction or road operation. The prim ary 
o b je c t iv e  o f this exam ination is to ascertain whether there are 
any sources o f data fo r the research undertaken in this thesis. 
The re  was found to be l i t t le  research in to the e ffe c ts  o f road 
design standards upon construction energy costs, although a few 
au tho rs  p rov id e  e ithe r energy cost figures fo r the various road 
c o n s tru c tio n  operations or average energy cost figures fo r road 
construction. These reports are reviewed in section 3.3.
A considerable amount of research has been conducted in to  the  
e f fe c ts  o f design standards upon fue l consumption, and this is 
re v ie w e d  in  se c tio n  3.4. Generally, authors have produced from  
e ith e r  th e o re t ic a l or experim enta l data, a re lationship between 
fu e l consum p tion  and road grad ient. This re lationship is e ither
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expressed as an equation, where fue l consumption fo r a s p e c ific  
v e h ic le  typ e  is some fu n c tio n  o f speed and gradient, or as a 
t a b u la t io n  o f  fu e l  consu m p tions  fo r  d i f fe re n t  ve h ic le s  fo r  
v a r io u s  c o m b in a t io n s  o f speed and g ra d ie n t. Some re p o rts  
subsequently  use the  da ta  to  exam ine a few case studies of 
a lte rn a t iv e  road designs, b u t these e va lua tio ns  are res tric ted  
to  specific road schemes and no a ttem pt has been made to produce 
a general relationship between road design and the energy costs 
o f t ra f f ic  operation.
Effects of Highway Link Design Upon Total Energy Costs
T h e  d e s ig n  o f  a ro a d  w i l l  a f f e c t  th e  e n e rg y  c o s ts  o f  
c o n s tru c tio n  and o p e ra tio n . In gene ra l, roads are designed to 
p rov ide  the lowest construction cost (money) tha t w ill meet the 
re q u ire d  standards of t ra f f ic  capacity, speed, and safety. There 
has  b e e n  l i t t l e  re s e a rc h  in to  th e  r e la t io n s h ip  b e tw e e n  
construction  and operation energy costs fo r m ajor ru ra l roads in 
the  U .K . Three authors have been found to have examined the 
e f fe c ts  o f  ro a d  d e s ig n  upon c o s ts  fo r  the typ e  o f road 
c o n d it io n s  fo u n d  in  th e  U .K .  Tw o o f these re p o r ts  have 
considered money costs, and one has specifca lly examined energy, 
w h ich  is thus of pa rticu la r relevance to this research. The two 
reports examining money costs are Kerman (1) and Broughton (2). 
K e rm a n  has e x a m in e d  th e  econom ic im p lic a t io n s  o f s teep 
g ra d ie n ts ,  and B rough ton  considers the  e ffe c ts  o f in c lu d in g  
t ra v e l costs when optim izing the ve rtica l alignment design o f a 
road . The th ird  report by Jannet (3) evaluates the im pact upon 
to ta l energy costs o f some case studies o f road im provements in 
France.
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3.2.1 Kerman
K erm an  (1) c a lc u la te s  a series of curves re la ting  trave l costs 
to  gradient, and these curves are shown in figure 3.1. The costs 
in c lu d e  th e  c o s ts  o f  t im e ,  fu e l ,  and a cc id e n ts , and are 
discounted over a 30 year design life . The fue l costs, which are 
o f p a r t ic u la r  relevance to this research, were derived from  the 
w o rk  o f E v e ra ll (5), w h ich  is rev iew ed  in d e ta il in  section 
3 .4 .1 . The costs are to ta l costs fo r the 30 year l i fe  fo r a flow  
o f 25000 vehicles per average August day, and are expressed in 
m illio n s  of pounds per 100 metres of road. Separate curves are 
p resen ted  fo r  d if fe r in g  percen tages o f heavy goods vehicles. 
W hils t these curves represent money costs, a m ajor proportion of 
the cost is due to fuel.
To calculate the operating costs along a road, Kerman calculates 
the  mean gradient fo r 100 m etre sections o f the alignment, and 
derives the cost fo r each section from  the cost curves described 
p rev ious ly . The curve used to produce the cost w ill depend upon 
the  expected  pe rcen tage  o f heavy goods vehicles on the road. 
These costs  are then summed to give a to ta l user cost fo r the 
road fo r  a flow  of 25000 vehicles per average August day. This 
to ta l cos t is then factored to represent the flow  expected fo r 
the  road. Kerman considers tha t using increm ent lengths o f 100 
m e tre s  a v o id s  in a c c u ra c ie s  due to  the  g ra d ie n t chang ing  
excess ive ly  du ring  the  in c re m e n t fo r  which the cost is being 
c a lc u la te d . This m ethod has then been used to ca lcu la te  costs 
fo r  a lte rna tive  alignments fo r two d iffe re n t road schemes.
The f ir s t  example examines two a lte rna tive  designs fo r  a road , 
w ith  d i f fe re n t  h o r iz o n ta l and v e r t ic a l alignments. One scheme 
has 4 p e rcen t m axim um  g ra d ie n ts , the other has 7.5 percent. 
Kerman's calculations show tha t the steeper scheme has the lower 
o v e ra ll cos t, a lthough  the  f la t te r  scheme would be cheaper i f  
th e  t r a f f i c  f lo w s  in c lu d e d  a h ig h e r  pe rcen tag e  o f heavy
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vehicles. The second example examines four a lte rn a tiv e  v e r t ic a l 
a l ig n m e n t  d e s igns  f o r  a s in g le  h o r iz o n ta l a lig n m e n t using 
maximum gradients o f 4, 3, 6, and 7.8 percent. As w ith  the f ir s t  
exam ple  K e rm an  calculates tha t the steepest alignment has the 
lo w e s t ove ra ll cost, but notes tha t the greatest change in cost 
is betw een gradients o f 4.0 and 6.5 percent, and tha t increasing 
th e  g r a d ie n t  fro m  6.5 to  7.8 p e rce n t has r e la t iv e ly  l i t t l e  
e f fe c t  upon the  to ta l energy cost. Increasing the t ra f f ic  flow  
to  60000 vehicles per average August day, and the proportion of 
h e a v y  v e h ic le s  to  20 p e rcen t reverses the  conc lus ion , the  
f la t te s t alignment now having the lowest overa ll cost.
Kerman concludes th a t s teepe r g ra d ie n ts  can be e c o n o m ic a lly  
ju s t i f ie d ,  p a r t ic u la r ly  w ith  lo w e r t ra f f ic  flows, and notes tha t 
to ta l t ra v e l costs are s tro n g ly  a ffec ted  by the percentage of 
heavy vehic les. Kerman also shows tha t at high flows and high 
heavy ve h ic le  percentages f la t te r  gradients can be econom ically 
ju s t i f ie d ,  the  increase  in construction cost being less than the 
decrease in operating cost. As Kerman is comparing money costs 
ra th e r  than energy costs, his conc lus ions are not necessarily 
re le v a n t to  th is  research . The techniques he uses to calcu la te 
c o s ts  a re  s im ila r  to  those adopted by the  a u th o r fo r  th is  
research, and these are discussed in Chapter 9.
The work o f Kerman form s the basis o f the method recommended in 
the Highway L ink Design manual (21) fo r evaluating the economic 
e f fe c t s  o f  u s in g  s te e p e r  g ra d ie n ts  th a n  th o s e  n o rm a lly  
recom mended, and both reports include the same worked example. 
Thus Kerman's work is of considerable im portance, as i t  is these 
methods tha t are used to select the most economical gradient fo r 
a new road scheme. There are some notable d ifferences between 
the cost curves presented by Kerman and the Highway L ink Design 
m anual, and these are discussed in more deta il in the review  of 
Highway L ink Design in Chapter 5.
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3.2.2 Broughton
The second in v e s tig a t io n  rev iew ed  adopts a ra th e r  d if fe re n t  
approach, exam in ing  the  e ffec ts  o f including trave l costs as a 
c o n tro l when design ing a road. Broughton (2) uses an adapted 
c o m p u te r  p ro g ra m  to  d e s ig n  a ro a d  o p t im iz e d  fo r  bo th  
c o n s tru c tio n  and o p e ra tio n  costs . The resulting road p ro file  is 
then compared w ith  tha t produced conventionally.
Broughton uses the HOPS suite o f programs (see Chapter 6), in  
p a r t ic u la r  the  p rog ram  M IN E R V A  which optim izes the ve rtica l 
a lig n m e n t design o f a road to m inim ize construction costs. He 
develops a t ra f f ic  cost model based upon the work of Dawson and 
Vass (4), who in turn  used the work of Evera ll (5) to calculate 
fu e l costs. The trave l cost is estimated by a simulated journey 
along the road a lig n m e n t, using equa tions re la tin g  speed and 
fu e l consum ption to gradient, developed from  Evera ll. The costs 
in c lud e  the  costs o f fu e l and tim e. Broughton notes tha t the 
pe rcen tage  change in  trave l costs tends to be very small, the 
t ra v e l cost fo r a design w ith  5 percent maximum gradients being 
only 3 percent greater than the cost fo r a design w ith  a steady 
gradient of 0.3 percent. The t ra f f ic  costs are discounted over a 
30 year period, as were those used by Kerman.
The program MINERVA was then m odified to in c o rp o ra te  these 
t r a f f ic  costs in to  the o p t im iz a t io n  process in addition to the 
c o n s t r u c t io n  c o s ts . The rev ised  p rog ram  used an o b je c t iv e  
function  of the fo rm :-
O bjective function = t ra f f ic  cost + (l+R ).construction  cost
where R is the ra tio  o f net present value to construction cost.
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Broughton used two values of R, 0 and 0.2. I f  R is zero then the
o b je c t iv e  fu n c t io n  w ill be equal to the net present value, and 
thus the program should m axim ize the net present value. For the
R va lue o f 0.2, the  program  should optim ize fo r  a lower net
present value.
This revised program was used to  produce a lte rna tive  designs fo r 
a h i l ly  ground p ro f i le  fro m  the  south w est o f England. The 
a l t e r n a t iv e  d e s ig n s  e x a m in e d  were those produced by the  
e n g in e e r ,  th e  s ta n d a rd  M IN E R V A  p ro g ra m  o p t im iz in g  fo r  
c o n s t r u c t io n  costs on ly , and the  tw o  d if fe re n t  ve rs ions o f 
M IN E R V A  incorporating t ra f f ic  costs. The last two designs were 
repea ted  using doubled t r a f f i c  f lo w  figures, as Broughton fe lt  
th a t  the flo w s  o r ig in a lly  used were low fo r the type of road 
being examined.
The tw o  sets o f resu lts  are shown in table 3.1. .The f ir s t  set 
has re la tiv e ly  small changes in costs, the A1 alignment produced 
by the  f ir s t  m odified MINERVA (R=0) has the lowest trave l cost, 
and also the lo w e s t to ta l cos t. The B1 a lignm ent (R=0.2) is 
in te re s t in g  as i t  has a lower construction cost than the design 
w h e re  M IN E R V A  has o p tim iz e d  fo r  c o n s tru c tio n  cos t on ly . 
B rough ton  com m ents th a t th is  apparent anomaly is due to an 
in e f f ic ie n c y  in  the op tim iza tion  a lgorithm  w ith in  MINERVA, but 
does n o t s u p p ly  any fu r th e r  d e ta ils  o f th is  p rob lem  w ith  
M IN E R V A . The road pro files produced in this f ir s t  set of tests 
only vary very s ligh tly .
The second set o f te s ts , w ith  o p tim iz a tio n  fo r double t ra f f ic  
f lo w  show increased b e n e fits  and more expensively constructed 
a lig n m e n ts . As w ith  the f ir s t  set o f test, the changes in the 
road p ro f ile s  are ve ry  sm a ll, s teepest gradients only changing 
fro m  5.03 percent in the m inimum construction cost alignm ent, to 
4 .9 8  p e rce n t in  the  a lig n m e n t o p tim iz e d  w ith  the  m o d if ie d  
MINERVA and the double t ra f f ic  flow .
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Broughton concludes tha t the study in d ic a te d  th a t using tra v e l 
costs  in  the  o p t im iz a t io n  o f v e r t ic a l a lignm ents, ra ther than 
using fixed  gradient lim its , may w e ll reduce to ta l costs.
3.2.3 Jannet
Jannet (3) is the only one o f the three reports reviewed in this 
s e c tio n  to  s p e c if ic a lly  consider energy costs. He tabulates the
energy costs fo r  various aspects of road construction, and notes 
th a t  h ighw ay construction (in France) consumes about 3 percent 
o f the fue l tha t is consumed by road t ra f f ic .  He also calculates 
th a t  the fue l consumed constructing 1 k ilom etre  of m otorway is 
e q u iv a le n t to  the  fu e l consumed by 10000 ve h ic le s  per day
passing over the motorway fo r 5 years.
Janne t discusses re s u lts  o f ve h ic le  fu e l c o n s u m p tio n  te s ts  
produced by the Transport Research In s titu te  in France, and used 
as data fo r his research. These tests showed tha t winding roads 
cause s u b s ta n tia l increases in fue l consumption, when compared 
w ith  s tra igh te r roads, consumption on a motorway being typ ica lly  
15 to  25 percent less fo r lig h t vehicles than tha t on an average 
w ind ing  road. He notes tha t this change in fue l consumption is 
due to  the speed changes necessary on a winding road, and also 
the losses in tyres when negotiating bends.
For ligh t vehicles, Janne t considers th a t  fu e l consum p tion  is 
r e la t iv e ly  u n a f fe c te d  by g ra d ie n ts ,  p o s it iv e  and n eg a tive
g ra d ie n ts  cance lling  each other out, and he states tha t steeper 
grad ients may w e ll be desirable fo r fue l economy i f  they reduce 
t r ip  le n g th . These results seem to be in disagreement w ith  the 
research  rev iew ed  in  se c tio n  3 .4 , w h ich  generally shows tha t 
steep g ra d ie n ts  do s ig n if ic a n tly  a ffe c t the fue l consumption of 
lig h t vehicles.
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Jannet then examines heavy vehicles, and fin d s  th a t these are 
much m ore a ffe c te d  by curves than l ig h t  veh ic le s , typ ica lly  
consum ing 20 to 30 percent less fue l on motorways. For heavy 
ve h ic le s  there is considered not be a compensatory e ffe c t when
d e s c e n d in g  g ra d ie n ts ,  so th a t  h i l l i e r  ro a d s  s ig n i f ic a n t ly  
increase  heavy ve h ic le  fu e l consum ption. Jannet also discusses 
th e  fa c to rs  a f fe c t in g  fu e l consum p tion  in  urban areas, and 
produces s im ila r conclusions to the reports examined in Chapter 
2.
The data described above is used to examine a number of case 
s tud ies  o f road im p ro ve m e n ts . These show tha t in most cases 
im p ro v in g  the  a lig n m e n t of a road creates a net reduction in
e n e rg y  consum ption  when a llo w in g  fo r  the  changes in  bo th  
c o n s t ru c t io n  and o p e ra tin g  energy costs. U n fo r tu n a te ly ,  the  
im p ro ve m e n ts  Jannet discusses include changes to horizonta l and 
v e r t ic a l a lig n m e n t. I t  is not possible to isolate which changes 
to  design produced the  greatest differences in cost. The types 
o f change exam ined by Janne t w i l l  in c lud e  no t on ly  d ire c t  
e f fe c ts  upon energy due to alignment changes but also ind irec t 
e f fe c ts ,  b roug h t about by a lte ra t io n s  to  t r a f f ic  speed, and
speed change cycles.
3.2.4 Summary
The three reports reviewed in th is section suggest tha t there is 
a re la tionsh ip  between construction cost and operation cost. The 
f ir s t  two reports examine money costs, and the operating cost is 
discounted over the expected l i fe  of the road, which reduces the
im p a c t o f savings in operating cost. Both reports ind icate tha t 
a t high t ra f f ic  volumes, more expensively constructed roads may 
be w orthw hile , although the magnitude of the changes examined by 
Broughton is very small.
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Jannet examines energy costs, and suggests tha t energy saved in  
the  fu tu re  may be more valuable than energy saved now. Therefore 
ins tead  o f d iscounting operating costs Jannet increases them by 
20 p e rc e n t ,  an a r b it r a r y  va lue , to  rep resen t the  supposed 
increase  in  s c a rc ity  o f energy resources in  years to  com e. 
J a n n e t co n c lu d e s  th a t road im p ro ve m e n ts  w i l l  usua lly  save 
energy, the savings in operating energy costs being greater than 
the  construction cost fo r a new road scheme. The operating costs 
used by J a n n e t a re  r e la t iv e ly  la rg e r  than those used by 
B ro u g h to n  and K e rm a n , and th is  is p ro b a b ly  due to  the 
d isco u n tin g  o f o p e ra tin g  costs by the  tw o  re p o rts  examining 
money costs.
The stud ies of Kerman and Broughton are useful as they have used 
som e s im ila r  m ethods to  those used by the a u th o r in  th is  
research . Kerman has used an increm ental approach to calcu la te 
o p e ra tin g  costs along a road alignment, and Broughton has used 
th e  HOPS program s to  produce a lte rn a tiv e  a lig n m e n ts . The 
research  unde rtaken  by the  author fo r th is thesis is described 
in Chapter 9.
Construction Energy Costs
In  a d d it io n  to  th e  re p o rts  discussed in  se c tio n  3.2 , th re e  
f u r t h e r  r e p o r ts  fo u n d  by th e  au th o r m ake some fo rm  o f 
e x a m in a t io n  o f th e  e n e rg y  c o s ts  o f  ro a d  c o n s t r u c t io n .  
C h a rle s w o rth  (6) makes a d e ta ile d  assessment o f the overa ll 
energy and resource  consum ption by transport, and as part of 
th is  g iv e s  a v e ra g e  e n e rg y  c o n s u m p tio n  f ig u r e s  f o r  road 
c o n s t r u c t i o n .  V a r le y  (7 ) e x a m in e s  e n e rg y  use in  la rg e  
c o n s tru c t io n  p ro je c ts , and supp lies energy f ig u re s  fo r  basic 
c o n s t r u c t io n  procedures and m a te r ia ls . F in a lly ,  Parsons and 
Broad (8) com pare the  costs o f road c o n s tru c tio n  using be lt
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conveyors as an a lte rna tive  to  conventional e a rth w o rk  tra n s p o rt 
m e th o d s , t h e i r  c o s t c a lc u la t io n s  in c lu d in g  s e p a ra te  fu e l
consum p tion  fig u re s . None of these reports spec ifica lly  examine 
e ffe c ts  o f road design upon energy costs.
3.3.1 Charlesworth
C h a r le s w o r th  (6 ) c a lc u la te s  average values fo r  the  energy 
consumed du ring  the construction and maintenance of fou r road
types, m o to rw a y , t ru n k , p rin c ip a l, and other. These values are 
shown in  ta b le  3.2. The f ig u re s  he gives include the cost of
e a rth w o rk s , road base, and s u rfa c in g . Charlesworth presents a 
d e ta ile d  breakdow n o f the c a lc u la tio n s  used to produce these 
costs fo r  two and three lane motorways.
The earthwork quantities used by Charlesworth are derived fro m  
Jam es (9), who conducted  an analysis of 60 successful tenders 
fo r  road schemes. The use of tenders to assess typ ica l earthwork 
vo lum es is perhaps questionable, and the author considers tha t 
these vo lum es may d i f fe r  fro m  those actually encountered on 
s i te .  C h a r le s w o rth  averages these vo lum es to  g ive  average 
e a rth w o rk  volumes per k ilom etre  of road. He then estim ates the
p ro d u c tio n  o u tp u t and fuel consumption o f a typ ica l scraper to 
g iv e  energy costs o f sc rap in g . These e s tim a te s  in c lu d e  the  
energy costs o f m anufacturing and m aintaining the scraper, but 
these c a p ita l costs represent less than 0.3 percent o f the fue l 
c o s t .  C h a r le s w o rth  assumes an average c yc le  t im e  fo r  the  
s c ra p e r ,  based upon an e s tim a te  o f average haul d is ta n c e . 
S im i la r  c a lc u la t io n s  are presen ted  fo r  the  energy costs  o f 
im p o rte d  m a te r ia l,  assuming haul by truck , and shovel loading. 
These earthwork fue l consumptions are then used w ith  the average 
e a r th w o rk  q u a n t i t ie s  to  c a lc u la te  average  fu e l costs  fo r  
motorway earthworks.
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C h a rle s w o rth  o m its  tw o  im p o r ta n t  p la n t  a c t iv i t i e s  in  th e  
c a lc u la tio n s  described above, the  use o f b u lld o ze rs  to assist 
the  scrapers when loading, and the use o f bulldozers and other 
p la n t fo r spreading and compacting f i l l  m ate ria l, and thus these 
fig u re s  are considered by the author to probably represent an 
u n d e re s tim a te . A l l  the  fig u re s  p resen ted by Charlesworth are 
averages, and no ana lys is  is given o f the v a ria b ility  o f these
fig u re s  w ith  e ith e r  road design or construction s ite conditions. 
The a u th o r fe e ls  th a t w h ils t these figures present a guide to
c o n s tru c tio n  energy costs, they are not su ffic ie n tly  accurate to 
be useful in th is research.
Varley
V a rle y  (7) conducts  an e xa m in a tio n  in to  the energy costs o f 
a lte rn a t iv e  m ethods o f constructing  a dam, an a irpo rt runway, 
and a b rid g e . In a d d it io n  to  g iv ing  gross energy consumptions
fo r  these ite m s , he also g ives a d e ta ile d  breakdown of the 
e n e rg y  c o s ts  o f in d iv id u a l c o n s tru c tio n  s ite  o p e ra tio n s  and 
m a te ria ls . Table 3.3 shows the consumptions calculated by Varley 
fo r  earthm oving operations, and the value fo r a scraper can be 
com pared w ith  the figure supplied by Charlesworth. Varley gives 
a va lue o f 52 MJoules per cubic m etre fo r m ate ria l moved by 
sc rape r, w h ich  com pares ve ry  closely w ith  the value given by
C h a rle s w o rth , w h ich  converts to 50.4 Mjoules per cubic m etre. 
The s im ila r i ty  o f these va lues is ra th e r  surpris ing when one 
examines the - percentages of energy assumed to be a ttr ib u ta b le  to 
p lan t m anufacture and maintenance, Varley assumes 45 percent and 
C h a rle s w o rth  less than  0.5 p e rcen t. Thus Charlesworth has an 
o p e ra tin g  energy cost fo r a scraper of 50.2 Mjoules per cubic 
m e tre , and V a rle y  a va lue o f 28.7 M joules per cubic m etre. 
T h e re fo re  the  apparent close correspondence of the two overa ll 
consumptions is somewhat coincidental.
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3.3.3 Parsons and Broad
t
P a rso n s  and Broad (8) c a lc u la te  fu e l consum ptions fo r  the 
various earthmoving operations on three sample road construction 
s ite s . These calculations are based upon the potentia l output of 
the  p la n t, the  pow er p o te n t ia l,  the  number o f hours u tilized , 
and an average figure fo r fue l consumption in litre s  of fue l per 
k ilo w a tt hour.
A n ana lys is  o f the  three sites examined by Parsons and Broad 
produces an average fue l cost per cubic m etre of earthworks of 
7 6 .5  M jo u le s .  T h is  is r a th e r  h ig h e r  th a n  the  f ig u re s  o f 
C harlesw orth  and Varley, despite the fa c t tha t is only the cost 
o f fue l and lubrica ting  o il, and includes no allowance of energy 
consumption m anufacturing and m aintaining the plant. The author 
fe e ls  th a t th is  f ig u re  does how ever, present a more re a lis tic  
allowance fo r the amount of plant like ly  to be used' on a s ite as 
i t  in c ludes  fu e l costs fo r  bu lld o ze rs  ass is ting  scrapers , and 
p la n t  fo r  spread ing and co m p a c tin g  f i l l  m a te r ia l.  The da ta  
p ro v id e d  by P a rso n s  and B ro a d  on p la n t o u tp u t and fu e l 
consumption can be used to calcu la te energy consumptions fo r  the 
sepa ra te  e a rth m o v in g  o p e ra tio n s , and th is  is discussed fu rth e r 
in Chapter 7.
3.3.4 Summary
T h e s e  t h r e e  r e p o r t s  i l l u s t r a t e  th e  v a r ia b le  n a tu re  o f 
c o n s tru c tio n  cost c a lc u la tio n s , w h ich  to a considerable degree 
depend upon the amount, type, and usage of plant on a p a rticu la r 
s ite . The a u tho r exam ines c o n s tru c tio n  energy costs in more 
d e ta il in  Chapter 7, and specific  fue l consumptions are produced 
f o r  each o p e ra tio n  fo r  th re e  d if fe re n t  s ite  c o n d it io n s . The 
e f fe c ts  o f v a r ia t io n  o f c o n s tru c tio n  cost upon the results of 
th is research are examined in Chapter 10.
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E ffe c ts  o f Road P ro file  Upon Vehicle Fuel Consumption
C o n s id e ra b le  re sea rch  has been conducted  in to  e s ta b lish in g  
re la tio n s h ip s  betw een v e h ic le  consum ption  and g ra d ie n t. This 
research  has generally examined fue l consumption on sections of 
road w ith  constant gradient, and has not norm ally been used to 
exam ine va ria tio n  in fue l consumption due to roads designed to 
d i f f e r e n t  s tandards. A fe w  au tho rs  do p resen t case s tud ies  
show ing how th e ir data may be used to calulate the fue l costs of 
a pa rticu la r road.
In v e s tig a tio n s  have been undertaken in to the operating costs on 
roads in  developing countries, but the conditions encountered in 
these c ircu m s ta n ce s  are to ta l ly  d iffe re n t from  those on rura l 
roads in the U .K., and thus overseas work of th is type was not 
fe lt  to be re levant to th is research.
The models tha t have been produced are generally in one o f tw o  
fo rm s , an equation (or set of equations) where fue l consumption 
is expressed as a function  o f gradient (fo r constant speed), or 
a s e t o f ta b le s  o r f ig u r e s  re la t in g  fu e l consum p tion  and 
grad ient. The data fo r these models is also in two form s, e ither 
b e in g  d e r iv e d  t h e o r e t ic a l ly ,  o r m o re  u s u a lly  f r o m  f ie ld  
measurements.
W h ils t these re la tio n s h ip s  can be used to  c a lc u la te  the fue l 
c o n s u m p tio n s  o f v e h ic le s  t r a v e l l in g  o v e r  p a r t ic u la r  road 
a lig n m e n ts , th e re  rem a ins one ite m  o f da ta  th a t is usua lly 
assumed, and th a t is v a r ia t io n  o f veh ic le  speed. Vehicle fue l 
consum ption is re lated to both gradient and speed, and therefo re  
to  c a lc u la te  the  fuel consumption o f a vehicle trave lling  along 
a road the speed of the vehicle needs to be known in addition to 
the  v a r ia t io n s  in  g ra d ie n t. V e h ic le  speed, pa rticu la rly  th a t of 
l i g h t  v e h ic le s  on m o d e rn  r u r a l  ro a d  g ra d ie n ts ,  is n o t 
nece ssa rily  d ic ta ted  by the road p ro file , but is more dependent
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upon the behaviour o f the driver. F o r exam ple , on m o to rw ays  
d r iv e rs  m ig h t t ra v e l a t a constant speed, a lte ring  the th ro tt le  
s e tt in g  to  a llo w  fo r  und u la tio n s , or they  m ig h t tra ve l at a 
c o n s ta n t  t h r o t t le  opening, w ith  speed va ry in g  a cco rd ing  to  
g ra d ie n t. R esearch ind ica tes  tha t the fue l consumption fo r the 
tw o  ty p e s  o f  d r iv in g  w o u ld  be d i f f e r e n t .  D e s p ite  th e  
co n s ide rab le  research  e ffo r t  tha t has been put in to researching 
v e h ic le  fu e l consum ption and gradient, there has been v ir tu a lly  
no research  in to  d r iv e r  behav iou r on gradients, thus users of
this data have to assume driver behaviour.
Research in to  vehicle fue l consumption and road p ro file  probably 
com m enced w ith  the work of Agg (10) in 1923, who presented chart 
reco rds  of speed and fue l consumption together w ith  the p ro file  
o f the road. Further experim ental work was undertaken by Beakey 
(11) in  1937, and by Saal (12) in  1950. In 1952 Webb (13) 
produced the  f i r s t ,  and p robab ly  m ost s ig n if ic a n t, theo re tica l 
based study to be undertaken in the United Kingdom. Webb used 
b a s ic  e q u a t io n s  o f m o t io n ,  and g ra p h s  d e f in in g  e n g in e  
p e rfo rm a n ce , to  produce relationships between fue l consumption 
and g r a d ie n t .  W ebb a c k n o w le d g e s  th e  p rob lem s o f d r iv e r  
b e h a v io u r ,  and p re s e n ts  re s u lts  fo r  tw o  types o f d r iv in g ,
tra v e llin g  at the maximum speed tha t produces good economy, and 
t ra v e ll in g  a t maximum speed, and shows tha t driv ing techniques 
can save fu e l.  The work of Webb is useful in th a t i t  supplies 
basic equa tions fo r  the resistances to vehicle m otion, and also
p ro v id e s  a t h e o r e t ic a l  e x p la n a t io n  o f how and why fu e l 
consumption varies w ith  gradient.
Experim ental work continued during the 1950's w ith  the work o f
L is te r  and Kem p (14), and Doyen (15). Doyen is in te res ting  in 
th a t he reviews the work of several other authors, and from  a 
s tudy o f th e ir  re s u lts  suggests a q u a d ra tic  equ a tion  re la ting  
fu e l consum ption and gradient. This was found to be the type of 
equation tha t provided the best f i t  to the data produced as part 
o f th is research, and is discussed fu rth e r in Chapter 8.
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Research during the 1960's included work by W infrey (16), Howe 
(17 ), Jessop (18), C la f fe y  (19) and E v e ra ll (5). Th is  re v ie w
w i l l  c o n c e n tra te  upon the  w o rk  o f E v e ra ll,  fo r  the  U n ite d
Kingdom, and C la ffey , fo r the U.S.A. A t the tim e of commencing 
th is  re s e a rc h ,  th e s e  tw o  s tu d ie s  w e re  th e  m o s t re c e n t
com prehens ive  s tud ies re la ting  vehicle fue l consumption to  road 
geom e try . Evera ll has subsequently remained the most s ign ifican t 
w o rk  fo r  the  U .K ., and forms the basis of the calculations of 
operating cost used by the Highway L ink Design manual, and the
CO BA cost benefit analysis program. The work of C la ffe y  has to 
some e x ten t been superceded by the work o f Zaniewski (20), who 
presents more recent data than C la ffey , but using a very s im ila r 
fo rm a t.
The next two sections discuss in more deta il the work of Eve ra ll
and C la f fe y .  These  tw o  re p o r ts  a d o p te d  v e ry  d i f f e r e n t
te c h n iq u e s ,  E v e r a l l  e x t ra c t in g  a re la tio n s h ip  be tw een  fu e l 
consumption and gradient from  fue l tests conducted under a wide 
v a r ie ty  o f co n d itio n s , and C la ffey  undertaking highly contro lled  
te s ts  exam in ing  in d iv id u a l conditions. The lack of contro l, and 
the  low  speeds used in  the  research of Evera ll, were fe lt  to 
m ake i t  in a p p ro p r ia te  to  use these re s u lts  fo r th is research.
The work o f C la ffey , which would have been fa r more suitable, 
used cars w ith  to ta l ly  d i f fe re n t  c h a ra c te r is t ic s  to  European 
cars , and a com parison  w ith  the  re s u lts  of E ve ra ll suggested 
th a t  the  e ffe c ts  o f the  d iffe re n c e s  w ere s u ffic ie n t to make
C la f fe y 's  re s u lts  also unsuitable fo r  th is research. As a resu lt
o f these problems the decision was made to conduct vehicle fue l 
consum p tion  te s ts  as p a rt o f th is  s tudy , and the  resu lts  o f 
these tests are presented and discussed in Chapter 8.
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Everall
The most recent and comprehensive research into the e ffec ts  o f 
road design upon t ra f f ic  in the U .K  is the report produced by 
E ve ra ll in 1968. The objective o f Everall's study was to provide 
da ta  fo r the cost benefit analysis of new road projects. E vera ll 
und e rtoo k  te s ts  over a wide varie ty  of routes and road types, 
under d if fe r in g  t r a f f i c  co n d itio n s , and w ith  d if fe re n t  vehicle 
ty p e s . F ro m  th e  re s u lts  o f these te s ts  re la tio n s h ip s  were 
developed re la ting  fue l consumption to speed, and also gradient.
Evera ll carried out fu e l consum ption  te s ts  using six veh ic le s , 
tw o  cars o f d iffe ren t sizes, a minibus and three types o f goods 
v e h ic le . Each goods v e h ic le  was tested empty, ha lf laden and 
fu l ly  laden. Each vehicle was operated over a fixed tes t route,
248 k ilo m e tre s  long, divided in to 134 sections varying in length 
fro m  0.16 to 8.83 kilom etres. The heavy vehicles could not cover 
the  e n t ire  ro u te  due to  c e r ta in  veh ic le  size res trc itions. The 
tes t routes included a wide va rie ty  of road types. The speeds of 
the  vehicles on each tes t section were governed by speed lim its ,
road g e o m e try , and in te r fe re n c e  fro m  other t ra f f ic .  The fue l 
consum ption  fo r each tes t section was measured using a positive 
d isp la cem e n t fu e l m easuring  device  f it te d  to the vehicle. The 
read ing  o f th is  fue l m eter was noted at the s ta rt and end of
each tes t section.
C e rta in  te s t sec tions  were used to  e va lua te  the  re lationship 
be tw een road gradient and fue l consumption. These sections were 
se lec ted  to avoid road junctions and excessive in te rfe rence from
o th e r ve h ic le s . The m easured gradients represented an average 
fo r  each tes t section, and were calculated from  contour lines on 
Ordnance Survey 1:25000 series plans. Distances were measured to 
the  nea res t 0.005 m ile (8.05m), and fue l consumption to 0.0005 
gallon (0.0023 litre )
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A to ta l o f 42 test runs were conducted between January and May 
1967. The contro ls applied during the tests covered:-
Vehicle condition -  engine settings, ty re  pressures etc.
Measuring equipment condition - the equipment was re g u la r ly  
cleaned and tested.
Engine tem pera tu re  - a ll tests were preceded by a warm-up 
period o f about 30 minutes.
Weather - extrem e conditions were avoided.
Fuel - a constant fue l grade was used fo r each vehicle.
A varie ty  of drivers were used fo r  the  te s ts , and they were 
g iv e n  d if fe r in g  d r iv in g  in s tru c t io n s . E v e ra ll s ta te s  th a t the 
ob jec tive  of the test was to determ ine the varia tion  of the fue l 
consumption of an average vehicle w ith  speed and road layout.
The results of the tests on the gradient sections were averaged 
fo r  each g ra d ie n t to give a mean value fo r trave lling  in both 
d ir e c t io n s  ( i . e .  ascending and descending). They w ere then 
com pared w ith  the fue l consumption at the same speed on the 
leve l to  give a percentage increase due to gradient. The results 
fo r  the  ca r te s ts  are shown in figure 3.2. These results show 
some v a r ia t io n , p a r t ic u la r ly  a t low  g ra d ie n ts , and i t  is not 
re a lly  possible to accurate ly determ ine where the curve shown by 
E v e ra ll should be. Evera ll states tha t gradients up to 4 percent 
have l i t t l e  e f fe c t  upon fue l consumption, but figure  3.2 shows 
an increase  o f 4 p e rce n t fo r  the  V iva  t ra v e ll in g  on a 2.25 
percent gradient.
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The v a r ia t io n  in  these re s u lts  is p ro b a b ly  due to  s e v e ra l 
fac to rs :-
The in a ccu ra c ie s  in  m easuring  road gradients from  25 foo t 
in te rv a l ground contour lines, one section only having a rise 
of 100 fee t.
The g ra d ie n ts  were average values, and were not necessarily 
constant throughout the test section.
The vehicles were tested at a wide varie ty  of speeds, and the 
po in ts  on f ig u re  3.2 re p re se n t the percentage increases in 
fu e l consum p tion  due to gradient, at speeds from  48 to 77 
kmph.
The v e h ic le  speeds were no t nece ssa rily  constant on each 
section.
The ascending and descending speeds fo r  any one section were 
d iffe re n t.
The a u th o r  c o n s id e rs  th a t  these re s u lts  are in s u f f ic ie n t ly  
a ccu ra te  fo r  use w ith  this research. The study suffers from  a 
la c k  o f c o n tro l,  and i t  is d if f ic u lt  to isolate the e ffe c ts  tha t 
are due to  g ra d ie n t ra th e r than changes in speed. The speeds 
used during the tests are very low  compared w ith  the speeds of 
t r a f f i c  on m a jo r  r u r a l  ro a d s  in  th e  U .K . ,  p a r t ic u la r ly  
m o to rw a ys . The tests were undertaken a considerable tim e  ago, 
and use vehicles which may have ra ther d iffe re n t characteris tics  
from  the vehicles presently operating over U .K . roads.
For these reasons the  au tho r also considers th a t is o f some 
concern tha t the work of Evera ll is used as the basic m ate ria l 
fo r  e v a lu a tin g  the  e ffe c ts  o f g ra d ie n ts  fo r  dec is ion  m ak ing  
du ring  the  road design process. The methods tha t use the data 
from  Evera ll are discussed in Chapter 5.
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.2 C laffey
The w o rk  of C la ffey  was much more highly contro lled than th a t of 
E v e r a l l .  C la f f e y  te s te d  c a rs  u n d e r c a r e f u l ly  c o n t r o l le d  
c o n d itio n s  and fro m  the  re su lts  presents tabulated data fo r  a 
com pos ite  ca r (rep resenting  and average U.S. car) trave lling  at 
speeds o f 10 to 70 mph (16 to 113 kmph) in in te rva ls o f 10 mph 
(16 kmph) on gradients o f -10% to +10% in increments o f 1%.
The testing was carried out at constant speeds over a m easured 
distance on the pa rticu la r test section. A m inimum of three tes t 
ru n s  w e re  m ade , i f  v a lu e s  v a r ie d  s ig n if ic a n t ly  runs were 
repea ted  u n t il stable values were achieved. Nine gradients were 
te s te d  w ith  values fro m  0 to 10%, tests being carried out in 
bo th  d ire c t io n s . F ive  d if fe re n t  ve h ic le s  were tested, and the 
com pos ite  car data was obtained from  a weighted average o f the 
resu lts  fo r these vehicles. The weighting was taken to represent 
the  a c tu a l v e h ic le  c o m p o s itio n  on U.S. highways. Speeds were 
taken  fro m  passing tim es over the tes t sections, taken to the 
nearest 0.5 second, fue l consumption was measured to the nearest 
0.001 U.S. gallon.
These results can be compared w ith  those from  Evera ll by summing 
th e  r e s u lts  f o r  th e  c o m p o s ite  car fo r  the  ascending and 
descending fu e l consum ptions fo r  each gradient. This produces 
f ig u re  3.3, w h ich  suggests tha t roads w ith  gradients between 0 
and 3% are more economical than level roads. This may be due to 
the  e ffe c ts  of the e ffic iency curve o f the engines of the large, 
p o w e rfu l A m e ric a n  veh ic le s  tested. Doyen (15) notes a s im ila r 
e ffe c t, and concludes tha t the very high power to  weight ratios 
o f am erican vehicles make th e ir  fue l consumption characte ris tics  
d iffe re n t to the generally lower powered European vehicles. Thus 
as i t  is desired to  exam ine the  s itua tion  in the U .K in th is 
re s e a rc h ,  th e  d a ta  p re s e n te d  by C la f fe y  fo r  cars is no t 
cons idered  a p p ro p ria te . C la ffey  also undertook s im ila r tests fo r
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com m ercial vehicles, and the c h a ra c te r is t ic s  o f these veh ic le s  
were s im ila r  to  U .K . goods vehicles. This data fo r com m ercial 
ve h ic le s  was used fo r  th is  research, and is described in more 
deta il in Chapter 8.
Concluding Remarks
There  has been l i t t l e  research  exam in ing the e ffe c ts  o f road 
v e r t ic a l a lig n m e n t design upon the energy costs of construction 
and o p e ra tio n . The research th a t has been undertaken suggests 
th a t fo r major roads carrying high t ra f f ic  volumes energy may be 
saved by the use o f more expensively constructed alignments.
A fe w  re p o r ts  have  s tu d ie d  th e  e n e rg y  c o s ts  o f  ro a d  
co n s tru c tio n , but the data produced tends to be both generalised 
and v a r ia b le . The author has undertaken research 'in to  the fue l 
consumed du ring  e a rth w o rk  operations, and this is discussed in 
Chapter 7.
A considerable amount of research has evaluated the e ffe c ts  o f 
road gradient upon vehicle fue l consumption, but no research has 
been found th a t is e n t ire ly  su itab le  fo r use as data fo r this 
thes is . The a u th o r undertook vehicle fue l consumption tests fo r  
th is research, and these are described in Chapter 8.
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TABLE 3.1 
Costs For Alternative Road Designs 
Costs in thousands of pounds (from Broughton)
Design Traffic
Cost
Earthwork
Cost
Viaduct
Cost
Construct
Cost
Total
Cost
Engineers 1754.1 1984.5 2001.0 3985.5 5739.6
MCC 1614.9 1236.2 2049.5 3285.7 4900.6
A1 1561.7 1213.3 2079.7 3293.0 4854.6
B1 1614.0 1213.9 2050.1 3264.1 4878.1
MCC 2xFlow 3229.8 1236.2 2049.5 3285.7 6515.4
A1 2xFlow 2730.0 1394.3 2121.4 3515.7 6245.7
B1 2xFlow 2707.5 1423.4 2126.5 3549.9 6257.3
TABLE 3.2
Gross Energy Requirements of Road Construction 
(from Charlesworth)
Road
Motorway
Pavement
Flexible
Rigid
GER TJ/km
52.8 - 79.6
48.9 - 51.3
Trunk Flexible
Rigid
29.3 - 66.7 
14.1 - 39.6
Principal Flexible
Rigid
22.3 - 39.3 
11.0 - 14.3
Other Flexible
Rigid
22.3
11.0
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TABLE 3.3
Energy Cost of Earthmoving Operations 
(from Varley)
Operation Unit
Ripping cubic metre
Excavation cubic metre
Scraper cubic metre
Mixing square metre
Grading square metre
Rolling pass
Energy (MJ/unit) 
5.00 
0.*03 
52.00 
0.03 
0.01 
441.0 - 1182.0
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25%
1.1
20%
15%
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12%
10%
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6%
0.8
0.7
0.65
4 860 2
Percent Gradient 
FIGURE 3.1 EFFECT OF GRADIENT UPON TRANSIT COSTS
Costs per 100 metres per 25000 vehicles per average August day
(From Kerman)
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Road Alignment Ground Profiles
4.1 Introduction
A num ber o f sets o f  data fo r the ground pro files  o f new or 
p ro p o s e d  ro a d s  have been ob ta in e d  fo r  th is  resea rch . This 
c h a p te r describes the  acqu is ition  o f these ground profiles, and
th e ir  p re p a ra tio n  in to  a form  suitable fo r use w ith  the HOPS
suite o f programs. The data was obtained from  sources throughout
the  U .K ., and rep resen ts  a wide va rie ty  o f p ro file  types, and 
b o th  m o to rw a y  and tru n k  roads. The c h a ra c te r is t ic s  o f  the  
p ro f ile s  are discussed in  section  4.7, and summarised in table
4 .1 . F igu res  4.2 to 4.3 show the long sections o f the pro files. 
The use o f these p ro files  fo r this research is explained in more
deta il in chapter 9.
4.2 Data Requirements
The objective o f this research is to examine the e ffe c ts  o f road 
v e r t ic a l a lig n m e n t design s tandards upon the energy costs o f
c o n s tru c tin g  and operating major ru ra l roads. In order th a t the
r e s u lts  o f  th is  s tu d y  w o u ld  r e la te  to  th e  ty p e  o f road
c o n s tru c tio n  cu rren tly  undertaken, data fo r a number o f typ ica l 
tru n k  road and motorway ground pro files was required. This data 
should be in  a form  tha t would make i t  suitable fo r input to  the 
HOPS programs, comprising chainages and levels along the centre 
lin e  o f the proposed road, w ith  or w ithou t o ffse t levels giving 
details o f the cross section o f the ground.
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This data could be obtained by a number o f methods:- 
Surveying proposed road sites.
Marking proposed roads onto  maps and ta k in g  le v e ls  fro m  
contour lines.
E xtrac tion  o f data from  long section drawings.
Obtaining data fo r already computerised road schemes.
The f irs t  method was re jected as the resources th a t w ould  have 
been needed were beyond the scope of this pro ject. The second 
m ethod  was not considered to be su ffic ie n tly  accurate, although 
i t  was used fo r some a lte rna tive  designs produced by the author, 
and described in section 4.3. The last two methods were fe lt  to 
be the  most suitable, as these had the advantages o f accuracy, 
speed o f data co llection, and sampling the data actua lly  in use. 
When this thesis was commenced m ajor ru ra l roads were m ostly 
d e s ig n e d  by th e  re g io n a l Road C o n s tru c tio n  U n its  o f  the  
D e p a rtm e n t o f the Environment, many o f these using the HOPS 
p rog ram s, so they  w ere  approached fo r the loan o f data. The 
ground p ro f ile s  fo r  a lte rn a tiv e  horizonta l road alignm ents were 
also re q u ire d , so th a t  the e ffe c ts  o f route choice, in add ition 
to  a lte rn a tiv e  v e r t ic a l a lig n m e n t designs, could be examined. 
D a ta  fo r  a lte rn a tiv e  horizonta l alignments was produced by the 
author from  maps.
Acquisition of Data
A le t t e r  was sent to  the va rious  Road C o n s tru c tio n  U n its  
(R .C .U .'s ) th ro u g h o u t the  U .K . e x p la in in g  the resea rch  being 
unde rtake n  and asking whether i t  would be possible to acquire 
d e ta ils  o f any ground profiles. A favourable response from  most 
o f  th e  R .C .U .'s  led  to  the a c q u is it io n  o f th ir te e n  se ts  o f  
ground data fo r a m ixture  o f road and topography types. A number 
o f sets o f data were schemes where the HOPS programs were being
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used, and these were supplied e ithe r as computer punched cards 
o r com pu te r p rin tou t. The remaining sets o f data were supplied 
as long se c tio n  drawings, w ith  centre line chainages and levels 
marked.
M any o f these sets o f data  were fo r  new unpublicised road 
schem es, and because o f co n fid en tia lity  i t  was not possible fo r 
the  author to obtain plans fo r these schemes. The lack o f plans 
m e a n t th a t i t  was no t possib le  to  exam ine the  e f fe c ts  o f 
re s tr ic t io n s  upon road level due to junctions, ra ilw ay and rive r 
cross ings and o th e r to p o g ra p h ic a l fa c to rs .  For tw o  schemes, 
w here the  HOPS programs were being used, the author was provided 
w i th  HOPS p r in te d  o u tp u t w h ich  gave d e ta ils  o f the  le v e l 
c o n tro ls  used w ith  the programs, and the e ffe c ts  o f these are
exam ined in Chapter 10. This HOPS output also provided details 
o f  th e  c o n s t r u c t io n  cos t pa ram e te rs  in p u t to  the  v e r t ic a l 
a lig n m e n t o p t im iz a t io n  p rog ram , and these are discussed in
Chapter 9.
As discussed in  the  p rev ious  se c tio n , one in te n tio n  o f th is  
resea rch  was to  exam ine the  e f fe c ts  o f  se lec ting  a lte rna tive  
ro u te s  fo r  a road. Therefore the author produced data fo r  three 
fu r th e r  g round p ro f ile s ,  fo r  the e x is tin g , and two a lte rna tive  
ro u te s  fo r ,  a 19.3 km. section o f the A3 London to  Portsm outh
tru n k  road . The h o r iz o n ta l a lig n m e n ts  o f these are shown in 
f ig u re  4.2 . The a lte rn a tive  routes were la id  out, using suitable 
h o r iz o n ta l  g e o m e tr ic  s tanda rds  as app lied  to  the  re c e n t ly
c o n s tru c te d  sec tion s  o f the A3 n o rth  o f G u ild fo rd  (1), onto 
la rg e  sca le  Ordnance Survey plans. The in ten tion  o f the routes 
s e le c te d  was to  exam ine the  e f fe c ts  o f ado p ting  d if fe re n t  
stra teg ies when choosing a route. The f ir s t  scheme, which is the 
lo n g e s t, fo llow s the route o f the London to Portsmouth ra ilw ay 
lin e , and has the g e n tle s t ground p ro file . The second scheme 
fo llo w s  valleys fo r most o f the route, w ith  one m ajor earthw ork 
th rough  a sha rp ly  de fin ed  ridge. The fin a l scheme fo llow s the
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e x is tin g  a lig n m e n t o f the  A3, and is m o s tly  a r id g e  ro a d
fo llow ing  high ground fo r the m a jo rity  o f the route, this is the 
s h o r te s t  sc h e m e , b u t th e  h i l l i e s t .  The e f fe c t s  o f these
d iffe re n t schemes upon energy costs are examined in Chapter 10.
Ground data fo r these schemes were produced by marking chainage 
po in ts  a t 100 m e tre  in te rv a ls  on to  the  large scale Ordnance
Survey plans, and ca lcu la tin g  the level o f each chainage point
by in te rpo la tion  between the 5 metre in te rva l contour lines.
Preparation of Data
I t  was necessary to  p repare  m ost o f the  data  in to  a fo rm
s u ita b le  fo r  in p u t to  the HOPS programs. The HOPS program
PR ELU D E (see C h a p te r 6) is used as an a id  to data en try, 
check in g , and s to ra ge . On the  com puter system used fo r th is
research  (ICL 1900) PRELUDE used punched cards as data input, 
checked  the data, and output i t  onto a magnetic tape. A l l the
sets o f ground data w ere p repa red  in to  a fo rm  suitab le fo r 
running w ith  PRELUDE. This ensured tha t fu l l  advantage could be 
taken  o f the e rro r checking procedures incorporated in to  program 
PRELUDE, and tha t the data would be w ritte n  out to the data
s to ra ge  tape  in  the  c o r re c t  PR ELU D E fo rm a t. The use o f a 
m a g n e tic  tape  to  store the ground p ro file  data grea tly  assisted
w ith  the ease and speed of running the subsequent HOPS design
program s VENUS and MINERVA (see Chapter 6), and also enabled a 
second security tape o f the data to be kept.
To assist w ith  the considerable task o f p reparing  the  da ta  fo r
about 200 kilom etres o f ground p ro file  in to PRELUDE input fo rm , 
tw o  computer programs were w ritte n  by the author, called CRSECT 
and DAPREP.
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a) CRSECT - the punched card and prin ted output data supplied 
by the  R.C.U.'s was m ostly in PRELUDE cross-section output 
fo rm a t.  This com prised a centre line chainage and level, 
and a cross s e c tio n  g ra d ie n t fo r  each cha inage po in t. 
PR ELU D E c a lc u la te d  the cross section gradient from  the 
cross s e c tio n  le v e ls  o r ig in a lly  in p u t, by a least squares 
m ethod  (see Chapter 6). PRELUDE input data can only be in 
the  fo rm  o f ce n tre  lin e  chainages and levels w ith  the 
cross se c tio n  described  by o ffse t levels. To convert the 
PR ELU D E output data in to PRELUDE input fo rm a t, program 
CRSECT calculated levels fo r two equal o ffsets (one e ither 
side o f the centre line) fo r each chainage using the cross 
section gradient, and output the data to punched cards fo r 
in p u t to  PR ELU D E . The data  subsequen tly  produced by 
P R ELU D E was checked to  ensure tha t i t  matched the data 
o rig ina lly  input to CRSECT.
b) DAPREP - The data taken from  long section drawings and 
maps was in the fo rm  o f centre line chainages and levels. 
As equal cha inage in terva ls were used, i t  was recognised 
th a t the task o f transcrib ing this data onto punched cards 
fo r  abou t 100 k ilo m e tre s  o f road could be s im p lifie d  by 
on ly  taking levels from  the drawings and maps, and using 
the  com puter to  subsequently generate the chainage values. 
Therefore levels only were read from  the drawings and maps 
and w r it te n  on to  coding sheets, and subsequently punched 
onto  com puter cards by the U n ivers ity  o f Surrey Com puting 
U n it .  This data was then input to DAPREP, w ith  a value fo r
the  s ta r t  chainage and the  cha inage in te rv a l.  Program
DAPREP calcu la ted the chainage o f each level po in t from  
the  s ta r t  cha inage and the  chainage in te rva l and output
the  pa irs  o f chainages and le ve ls  to  punched cards in
PRELUDE input fo rm a t.
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Running Prelude
PR ELU D E reads the  input data, and checks the maximum long 
s e c tio n  g ra d ie n t, m axim um  cross section gradient, and chainage 
in te rv a l against tes t values input by the user. Any errors found 
in  the  data  are h ig h lig h te d , and details given o f which check
has fa iled . PRELUDE also produces a graphical output on the line 
p r in te r  show ing the  long s e c tio n  p ro file . This can be checked
v isua lly  to confirm  whether or not there are any obvious errors 
in  the  in p u t data. Each data set was run w ith  PRELUDE, and 
c a re fu lly  checked fo r the above errors. Runs were repeated u n til 
a l l  e rro rs  had been c o rre c te d . The data  was then output by 
PR ELU D E onto the Hopstore data storage tape, th is  tape being
used as data input by the other HOPS programs.
Ground Profiles
The data  sets s to red  on the Hopstore tape are lis ted  in tab le
4 .1 ,  and  p lo t t e d  in  f ig u r e s  4 .2  to  4 .5 . O w in g  to  th e  
c o n f id e n t ia l nature o f most o f the data sets i t  is not possible 
to  g ive  p rec ise  geographic locations in table 4.1. The to ta l o f 
24 data  sets is due to  there being more than one version o f 
several ground p ro file s :-
a) Sets 1 and la  - these were found to be too large fo r  
M INERVA, execution not com pleting a fte r two hours running 
t im e  (the maximum norm ally allowed by the U n ive rs ity  o f
S urrey C o m pu ting  U n it) .  The basic chainage in te rva l o f 
these data  sets was 50m, but there were a considerable 
num ber o f ad d itio n a l data points at sm aller in te rva ls. As 
i t  would be required to run MINERVA several tim es on each 
set o f data, two fu rthe r sets o f data were then produced 
fo r  each orig ina l set, w ith  50m, and 100m in terva ls, these 
being numbered 20 to 23 inclusive.
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b) Sets 4 and 16 -  these were sections o f the A3 tha t were 
la te r included in p ro file  number 19.
c) Sets 5 and 15 - these were fo r  the same ground p ro file , 
bu t w ith  d iffe ren t chainage in terva ls, as were sets 11 and
12. These a lte rna tive  sets o f data were produced to tes t 
the  e f fe c ts  o f d iffe ring  chainage in te rva l values, and the 
re s u lts  o f designs fo r  these data sets are discussed in 
Chapter 10.
Ground Profile Characteristics
The o b je c t iv e  o f c o lle c t in g  th is  data  was th a t  the  ground 
p ro file s  should be typ ica l o f those being encountered on current 
m a jo r road  c o n s tru c tio n  in  the  U .K . As these p ro file s  were 
o b ta in e d  from  the Road Construction Units, who are responsible 
fo r  the construction o f m otorway and trunk roads, and as a ll the 
R C U 's  w e re  canvassed, i t  was cons ide red  th a t  the  p ro f ile s  
c o lle c te d  rep re se n te d  a random  sample o f current m ajor road 
c o n s tru c tio n . Th e f fe c ts  o f the d iffe ren t ground p ro file  shapes 
on the  re s u lts  o f th is  study are examined in Chapter 10. The 
n e x t tw o  sec tion s  discuss the two main characte ris tics  o f the 
p r o f i le s ,  th e  to p o g ra p h y ,  and th e  ro a d  ty p e  w h ich  th e y  
represent.
.1 Topography
The ground profiles come from  a va rie ty  o f locations throughout 
th e  c o u n t r y ,  as in d ic a te d  in  ta b le  4 .1 . There is no da ta  
available on the topography o f the national road network so th a t 
i t  is no t possib le  to  q u a n tify  p re c is e ly  the ty p ic a lity  o f the 
p ro f ile s .  Tab le 4.1 shows the h ill in e s s  fa c to r fo r each route , 
th is  is a s im p le  c a lc u la tio n  o f the to ta l rise and fa l l  along
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the p ro f i le  expressed in  m e tres  per k ilo m e tre  (m /k m ). Th is
fa c to r  is used by va riou s  repo rts  when assessing road pro files  
(2 ,3 ). The h ill in e s s  va lues fo r the ground pro files  in table 4.1 
vary from  8.5 to 41.0 m /km , representing average gradients from
0.85%  to  4.1% . Duncan (3) describes h ill in e s s  va lues fo r 35
s e c t io n s  o f r u r a l  road , these va lues app ly ing  to  the  road 
p ro f ile  ra ther then the ground p ro file . The values range from  0 
to  38 m /km , w ith  an average value o f 11.8 m /km , although Duncan 
quotes an average o f 15 m /km  as being representative o f his and 
o th e r au thors in v e s tig a tio n s . The average value fo r the ground 
p ro file s  in table 4.1 is 24.5 m /km . However, as the road p ro file  
is  fu n d a m e n ta l ly  a s m o o th in g  o f  th e  ground p ro f i le ,  the  
h ill in e s s  value fo r a road w ill norm ally be lower than tha t fo r  
the  ground p ro file  over which the road is constructed. This can 
be show n by c a lc u la t in g  h ill in e s s  va lues fo r  road  p ro f ile s  
designed fo r  these ground p ro f ile s .  C h ap te r 9 describes the 
va riou s  road designs produced, and ta k in g  the designs fo r a 
m o to rw a y  w ith  a 4% maximum gradient, an average hilliness value 
o f 12.8 m /km  has been ca lcu la ted . This is the closest f i t t in g  
design th a t has been produced fo r a ll the ground pro files , and 
il lu s tra te s  how the  smoothing e ffe c t lowers the hilliness value. 
T h is  design is also p robab ly  the c lo ses t to  the  road  types  
in v e s tig a te d  by Duncan, and the  value o f 12.8m/km compares 
closely w ith  his average o f 11.8 m /km .
Thus i t  is considered tha t as fa r  as is possib le  these ground 
p ro f ile s  are ty p ic a l o f c u rre n t m ajor road construction in the 
U n ite d  K ingdom . H ow eve r, the e ffe c ts  o f the d iffe re n t p ro file  
types upon the  re s u lts  o f th is research are care fu lly  examined 
in Chapter 10.
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4.7.2 Road Type
The re la tive  lengths o f m otorway and trunk road represented by 
th e  g ro u n d  p ro f ile s  are 69.706 and 49.10 kms re s p e c tiv e ly  
(exc lud ing  duplicated data sets). This compares w ith  154 kms of 
m o to rw a y  and 204 kms o f new trunk road (excluding im provem ents 
on e x is tin g  a lig n m e n ts ) com p le ted  between 1st A p ril 1976 and 
31st January 1978 (4). For the ground profiles examined, the 
average hilliness values fo r the m otorway and trunk road ground 
p ro f ile s  respective ly are 21.4 and 28.8 m /km . This d ifference is 
probably due to the d iffe ren t constraints upon the two alignm ent 
typ e s . The tru n k  roads are a l l  bypasses o f re la t iv e ly  sh o rt 
le n g th  (average 6.14 km.) and have fixed  end points, and lim ite d  
ro u te  c h o ic e s , as th e y  rep la ce  sec tions  o f e x is tin g  ro u te s  
th ro u g h  tow ns. The m o to rw ays  how ever, are re la t iv e ly  long 
(average 17.47 km .) and are m o s tly  new rou tes  w ith  lim ite d  
c o n s tra in ts  and p roba b ly  h ighe r budgets. Thus th e re  is more 
scope fo r  the  design eng ineer to  s e le c t an easier and more 
eco n o m ica l p ro file  fo r the motorway than the more constrained 
tru n k  roads. The g re a te r  emphasis on motorway routes in th is 
p r o je c t ,  c o m p a re d  w i th  a c tu a l ly  c o n s t ru c te d  ro u te s , w i l l  
p roba b ly  tend  to  p rov id e  underestimates o f construction energy 
costs  and o p e ra tin g  costs due to  the  lo w e r h ill in e s s  o f the 
motorway ground profiles.
4.8 Concluding Remarks
A to ta l of th irteen  d iffe ren t ground pro files have been obtained 
fro m  the Road C o n s tru c tio n  U n its  o f the Departm ent o f the 
E n v iro n m e n t fo r  a s e le c tio n  o f proposed roads throughout the 
U n ite d  K ingdom . F urther variations o f these pro files have been 
p ro d u c e d  w i th  a l te r n a t iv e  cha inage  in te rv a l va lues. These 
p ro file s  are from  proposed designs fo r both trunk and m otorway 
ro u te s , and rep re se n t a wide range o f p ro file  types. They are
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c o n s id e re d  to  be r e p r e s e n ta t iv e  o f  p re s e n t m a jo r  r o a d  
c o n s tru c tio n  p ro je c ts . Three fu r th e r  sets o f data  have been 
produced by the author fo r a section o f the A3 trunk road, one 
fo llo w in g  the  e x is tin g  a lig n m e n t and the  other two fo llow ing 
a lte rn a t iv e  h o r iz o n ta l a lig n m e n ts . A ll these sets o f data have 
been inpu t to  the HOPS data preparation program PRELUDE, and 
subsequently output to  magnetic tape fo r use by the HOPS design 
programs VENUS and MINERVA.
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Highway V e rtica l A lignm ent Design Standards
In troduction
This C h a p te r describes the design standards tha t are used to 
c o n t r o l  th e  d e s ig n  o f h ighw ay v e r t ic a l a lig n m e n ts . D esign 
s tandards ensure th a t roads p rov ide  adequate levels o f safety 
and c a p a c ity  fo r  the  t r a f f ic  tha t they are expected to carry. 
The h is to ry  o f roads and road design is described, showing how
design standards developed.
S e c tion  5.4 discusses the design standards tha t were in use at 
the tim e  of commencing this research, and the reasons fo r, and
d e r iv a tio n s  o f, each s tandard  are described. Subsequently, new
standards have been introduced fo r the design o f highway links
in  the United Kingdom, and these are compared w ith  the earlie r 
s tandards in section 5.5. This discussion includes a review  o f a 
paper com paring  the  e ffe c ts  o f the two standards in p ractice . 
These  tw o  s ta n d a rd s  a d o p t d i f fe r in g  ph ilosoph ies  in  th e ir  
a t t i tu d e  towards maximum gradients, and section 5.6 examines in 
more deta il the methods recommended in the present standard fo r 
evaluating the economic e ffects  o f steep gradients.
The s ta n d a rd s  used to  d e s ig n  a l t e r n a t iv e  ro a d  v e r t i c a l  
a lignm ents fo r th is research are described in Chapter 9, and the 
e f fe c ts  o f a lte rn a tiv e  design s tandard  values are discussed in 
Chapter 10.
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History of Road Design
Roads are an essentia l part o f the com m unication structure  of 
any modern country. They are constructed to ease the movement of 
people, animals, and vehicles, from  com m unity to com m unity, and 
w ith in  com munities. Roads began as improvements upon pathways 
and trackways, and th e ir development has been associated closely 
w i th  th a t o f w heeled t r a f f ic .  The success o f e a r ly  em p ire  
b u i ld in g  c iv i l i s a t io n s  was g r e a t ly  d e p e n d e n t upon t h e i r  
c o m m u n ica tio n s  and tra n s p o rt,  usually by means o f water and 
road . The courses o f m any m a jo r roads in B rita in  today s t i l l  
fo llo w  the  lines o f roads constructed by the Romans as pa rt of 
th e ir  o ccu p a tio n  o f B r ita in .  In the  process of developing and 
m a in ta in ing  th e ir empire the Romans constructed 78000 k ilom etres 
of road, m ostly in Europe.
The c o n s tru c tio n  o f a road fa c ilita te s  the movement o f t ra f f ic  
in  tw o  m a in  ways. F ir s t ly  i t  p rov ides  a sm ooth , f i r m  d ry  
su rfa ce , avo id ing the problems of ruts, loose m ate ria l, and wet 
m a te r ia l .  T h is  was p ro b a b ly  one o f  th e  f i r s t  stages o f 
d e ve lop m en t, w ith  the provision o f f irm e r trackways in so ft or 
w e t a re a s  o f  ground. Secondly the  c o n s tru c tio n  o f a road 
im proves  the  p ro f ile  of the ground. This was in it ia lly  to avoid 
excessive g ra d ie n ts  th a t were d if f ic u lt  fo r  people, animals and 
p a r t ic u la r ly  animal drawn vehicles to ascend and descend safely. 
In w e t areas embankments were constructed to  im prove surface 
drainage, and in some situations embankments were constructed to 
improve v is ib ility  fo r defensive purposes.
Road widths varied according to the type and quantity  o f t ra f f ic  
th a t made use o f the road. Typ ica lly  they were a s im ila r w id th  
to the animal drawn vehicles tha t they would norm ally ca rry . The 
Roman roads were up to 4.25 metres wide, to pe rm it two chario ts 
to pass, and legions to  march six a breast.
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Road development in B rita in  stagnated a fte r the departure o f the  
Romans, and the condition o f the roads deteriorated. I t  was not 
u n t il the 17th century tha t there was any im provem ent, and this 
was due to the increase in the use o f the horse drawn coach. 
Improvements were m ostly to the surface structure  at th is stage, 
due to the high ground loadings o f the carriages. The London to
H o lyhead road constructed by Te lfo rd  in the early 19th century 
was one of the f ir s t  m ajor road construction projects undertaken 
since the departure of the Romans. This road also marked a more 
p o s itiv e  e ffo r t  to produce a sa tis fac to ry  p ro file , and a maximum 
g ra d ie n t standard was applied o f 1 in 20 ( 5 percent ). This is 
probably one o f the f ir s t  instances o f a road being design w ith  
a fixed standard throughout.
S ig n if ic a n t changes in road design and construction only came
about w ith  the deve lopm ent o f m echanically propelled vehicles, 
and the higher speeds at which these were capable o f trave lling . 
U n t i l  1896 the  speed o f 'lo c o m o tiv e s ' (m echan ica lly  propelled 
veh ic les) was lim ite d  to 4 m.p.h in rura l areas and 2 m.p.h in 
urban areas, and such vehicles had to  be preceded by a person 
w ith  a red flag. During 1896 a law was introduced p e rm ittin g  a 
l ig h t  'lo co m o tive ' (which included a car) to trave l at 14 m.p.h. 
w ith  no flagman.
A t  th is  t im e  the  cond ition o f B ritish  roads was very poor, as 
the  tu rnp ike  trusts who had orig ina lly  maintained the main roads
had a ll ceased by 1895. This was due to the loss o f income from
th e  c o m p e t i t io n  o f th e  ra ilw a y  system  w h ich  was ra p id ly  
deve lop ing at this tim e. The Development and Road Improvem ents 
Fund A c t  o f 1909 c re a te d  the  f i r s t  n a tio n a l road au tho rity , 
funded by vehicle licence duties and petro l tax. The f ir s t  world 
w ar in te r ru p te d  the  a c t iv i t ie s  o f th is  a u th o r ity , and in 1919 
the  M in is try  of Transport took over the board's work. The Local 
G overnm ent act o f 1929 handed over the contro l fo r some roads to 
co u n ty  coun c ils  and la rg e r  d is t r ic t  and borough councils, th is
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led to  a la ck  o f u n ifo rm  s ta n d a rd s  o f ro a d  d e s ig n  and 
co n s tru c tio n . The Trunk Roads A c t o f 1936 attem pted to re lieve 
some o f th is  p rob lem  by handing the  c o n tro l o f the  m a jo r 
national roads to  the M in is try  o f Transport.
In 1943, du ring  the  second w o rld  w a r, the  M in is try  o f W ar 
Transport introduced a memorandum on the Layout and C onstruction 
o f Roads, and this was probably the f ir s t  a ttem pt to encourage 
u n ifo rm ity  o f design fo r roads throughout the country. A fte r  the 
w a r, in  1946, a fu rthe r Trunk Roads A c t increased the m ileage of 
roads under the au thority  of the M in is try  o f Transport. In 1961 
the  M in is try  of Transport introduced a memorandum on the Design 
o f Roads in Rural areas, giving recommended minimum standards to  
be a d o p te d  fo r  the  design o f h o r iz o n ta l and v e r t ic a l road 
a lignm ents. These standards governed the design o f roads in the 
U .K . u n t i l  1981, when the  sec tion s  conce rn ing  the design of 
highway links were replaced by the Highway L ink  Design manual.
In troduction  to  Design Standards
The d e v e lo p m e n ts  d e s c r ib e d  in  th e  p rev ious  se c tio n  have 
c u lm in a te d  in  recommended standards governing most aspects o f 
h ighw ay design, to ensure tha t a road has adequate capacity  fo r 
its  expected  t r a f f ic  load, and p rov ides  fo r  c e rta in  levels of 
c o m fo r t  and safety. These standards cover four main categories 
o f road design and construction:-
H orizonta l alignment design.
V e rtica l alignment design.
Intersection design.
C onstruction techniques.
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This research studies the e ffec ts  o f the design o f the  v e r t ic a l 
alignm ent of a road upon energy costs, therefore  the subsequent 
se c tio n s  o f th is  C h a p te r exam ine the  design s tandards th a t  
con tro l ve rtica l alignment design.
Road ve rtica l alignments are tra d it io n a lly  designed as a series  
o f s t ra ig h t  lin e s  connected  by ve rtica l curves. This enables a 
design th a t  is e a s ily  de fin ed , by simple values describing the 
v e r t i c a l  c u rv e  p o s it io n s  and s izes, and the  ta n g e n t T ines 
c o n n e c tin g  the  v e r t ic a l cu rves. The design is also easy to  
c o n tro l,  by provid ing standards fo r the curve sizes and tangent 
l i n e  g r a d ie n t s ,  e n s u r in g  th a t  s p e c i f ic  ro a d  ty p e s  a re  
c o n s tru c te d  to  p rov id e  u n ifo rm  le v e ls  o f capacity, speed, and 
safety.
The ve rtica l curves usually take the form  of a parabolic arc, or 
c ir c u la r  arc. In practice  these two arcs approximate to the same 
lin e  fo r  the  la rg e  ra d ii and sm a ll angu la r d e f le c tio n s  being 
considered (7).
C e r ta in  s ta n d a rd s  a re  a p p lie d  to  th e  d e s ig n  o f v e r t ic a l 
a l ig n m e n ts ,  g o v e rn in g  g ra d ie n ts , v e r t ic a l cu rves , and cross 
se c tio n  p a ra m e te rs . These standards ensure tha t the highway is 
sa fe , c o m fo rta b le , and capable  of providing su ffic ie n t capacity 
fo r the desired flow  of vehicles.
The highway design standards applied to the design o f v e r t ic a l 
alignments are
a) Maximum Gradient.
b) M inimum Gradient.
c) M inimum Radii and Length of V e rtica l Curves.
d) M inimum Form ation Width.
e) Maximum Gradients o f Side Slopes in C u t and F ill.
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5.4
5.4.1
For ru ra l roads in th is country these standards are described in  
'L a yo u t o f Roads in Rural Areas' (1), a Departm ent o f Transport 
p u b lic a tio n . S im ilar standards are given fo r roads in the United 
States o f Am erica (2,3) and developing countries (4).
Design Standards in Use at the Start of this Research
This section  describes the design standards tha t were in use at 
the  t im e  o f p re p a rin g  the data fo r th is research. Subsequently 
new standards have been introduced, and these are discussed in 
sec tion  5.5. The new standards adopt a more flex ib le  approach to 
g r a d ie n ts ,  and an a p p ra is a l o f  th e  m e th ods  o f assessing 
a lte rna tive  gradients is given in section 5.6.
Maximum Gradient
Steep u p h ill g rad ien ts  are one o f the most s ign ifican t features 
o f h ighw ay design to  a f fe c t  t r a f f i c  f lo w . L ig h t vehicles are 
re la t iv e ly  u n a ffe c te d , bu t s teep u p h ill g ra d ie n ts  s ig n if ic a n tly  
reduce the speed of com m ercial vehicles, as shown in figu re  5.1, 
fro m  Dawson (5). O th e r research  provides s im ila r figures, but 
Dawson is s ig n if ic a n t  in  th a t  i t  provided in fo rm ation  fo r the 
standards se t ou t in  Layout o f Roads in Rural Areas. Dawson 
shows tha t the mean speed of com m ercial vehicles is reduced by 
48 p e rcen t on a 6 percent gradient. I f  lig h t vehicles are unable 
to  overtake, and the percentage o f heavy vehicles is high, then 
i t  fo llo w s  tha t the capacity o f the road could also be reduced 
by 48 percent.
This reduction  in speed reduces not only the overa ll capacity  o f 
the  road, but also a ffe c ts  the safety and operating costs o f the 
t r a f f ic  (6). S a fe ty  is a ffe c te d  because of the wider range of 
ve h ic le  speeds caused by the g rad ien t (heavy vehicles slowing
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down, ligh te r vehicles being l i t t le  a ffected) and the  consequent 
in c re a s e  in  o v e r ta k in g  and o th e r  c o n f l ic t in g  m anoeuvres. 
O p e ra tin g  costs increase  due to  reduced ve h ic le  speed (and
th e re fo re  increased  o p e ra tio n  tim e ) and increased engine wear
and fue l consumption.
F ig u re  5.2 (5) shows the  e ffe c ts  o f g ra d ie n t upon average 
v e h ic le  speeds, and this shows a sharp change from  a 3 percent 
re d u c tio n  in  v e h ic le  speed on a 4 p e rce n t gradient to a 14
p e rc e n t reduction on a 5 percent gradient. I t  is because of this 
sudden change in  the speed reduction tha t Layout of Roads in 
Rural Areas recommends a normal maximum gradient o f 4 percent, 
as th is  is th e  s te e p e s t th a t  can be used w ith o u t undu ly  
a f fe c t in g  the average t ra f f ic  speed. For motorways a lower value 
o f 3 percent is recommended, although 4 percent is used in very 
h i l l y  s i tu a t io n s .  These standards are thus ra th e r  a rb it r a ry ,  
hav ing  been se lected  on the basis of m axim izing road capacity 
fo r  m inimum construction cost, and no account has been taken of 
the extra costs incurred by road vehicles on gradients.
The topography of the areas o f the U.K. in w h ich  m a jo r road 
c o n s tru c tio n  is being unde rtaken  is no t gen e ra lly  extrem e in 
te rm s  o f ground p ro file  gradients, and in the m a jo rity  o f cases
i t  is possib le  to  design roads w ith  a 4 percent gradient l im it .  
Th is is no t nece ssa rily  the  case fo r  other countries, and the 
recom m ended maximum gradients and lengths from  Low Cost Roads 
are g iven in  ta b le  5.1, accord ing  to varying road and te rra in  
types . The A m erican  Association o f State Highway O ffic ia ls  (2) 
g ive  ve ry  s im ila r values to these fo r the U.S.A., so they have 
n o t been re p e a te d .  The s e v e r i t y  o f the  te r ra in  in  o th e r 
c o u n tr ie s , and the m ore fre q u e n t use of steeper gradients in 
h i l ly  areas requires the contro l of the length of gradient where 
poss ib le . This c o n tro l is app lied because shorter gradients w ill 
a f fe c t  v e h ic le  speeds less than  lo nge r gradients o f the same
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in c lin a t io n ,  due to  the d e c e le ra tio n  t im e  o f goods v e h ic le s  
c l im b in g  th e  g ra d ie n t. F o r the  U .K . the  s tandards do not 
r e s t r ic t  g ra d ie n t le ng ths , bu t ins tead  require the provision o f 
craw ler lanes fo r  long gradients.
V ery  steep g ra d ie n ts  also a f fe c t  the  s to p p in g  d is ta n c e  o f 
v e h ic le s ,  w h ic h  increases fo r  descending ve h ic le s  (7). This 
e f fe c t  is no t s ig n if ic a n t  fo r  the  g rad ien t values examined in 
th is  research  (see Chapter 10), and was not considered in this 
research.
Thus g rad ien t standards in the U .K . are selected to enable the 
use o f th e  s teepes t g ra d ie n ts  th a t  w i l l  no t g re a t ly  a f fe c t  
t r a f f ic  speeds. The steeper the gradient, the closer i t  w ill be 
possib le  to  f i t  the road p ro f i le  to  the ground, and the the 
lo w e r the  c o n s tru c tio n  cos t. T h e re fo re  p resen t standards are 
se lected  to m in im ize construction cost w ith  m inim al e ffe c t upon 
t r a f f i c  speeds. S e c tio n  5.5 shows how th is  ph ilosophy has 
subsequen tly  changed, and describes the  revised standard tha t 
now inc ludes  the e f fe c ts  upon t r a f f ic  costs when evaluating 
g ra d ie n ts . Chapter 10 examines the e ffe c ts  upon energy costs of 
using d iffe re n t gradient standards to those norm ally specified.
5.4.2 M inimum  G radient
The g ra d ie n ts  o f the  ta ngen t lin e s  co n n e c tin g  the  v e r t ic a l 
curves also have a m inimum gradient applied. This m inimum  value 
is  s im p ly  to  ensure adequate d ra inage  o f the  road w ith o u t 
excessive  cross sec tion  camber, and to prevent ponding at the 
edges o f the  ca rria g e w a y  (6 ,7 ). A m in im u m  g ra d ie n t o f 0.4 
percent is specified in Layout of Roads in Rural Areas, and this 
was found to have been used by most o f the Road C onstruction
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Units consulted when co llecting  ground p ro f i le  d a ta . A s im ila r
va lue  o f 0.5 percent is quoted fo r the U.S.A (2) and developing
c o u n tr ie s  (4) fo r  the same reason. The e ffe c t o f the m inimum 
gradient standard upon energy costs is examined in Chapter 10.
5.4.3 M inimum  Radii and Length o f V e rtica l Curves
The design o f ve rtica l curvature is governed to ensure adequate 
s ig h tin g  d is tances fo r  s topp ing  (and overtak ing  where possible 
on s ing le  c a rria g e w a y  roads), and a com fortable ride avoiding 
h ig h  v e r t i c a l  a c c e le r a t io n s  (6 ,7 ) .  On h ig h  speed d u a l 
c a rr ia g e w a y  roads and m oto rw ays  the  l im it in g  fa c to r  is the 
s topp ing  s ig h tin g  d is ta n ce . In Layout o f Roads in Rural Areas 
the  stopping sight distance fo r crest curves is measured between 
p o in ts  1.05m . above the road surface (1), representing a driver
w ith  an eye le v e l o f 1.05m sighting an object 1.05m high, as 
shown in  f ig u re  5.3. F o r sag curves the  m in im um  radius of 
curvature is tha t which w ill pe rm it headlamp beams to show up
o b je c ts  a t the  re q u ire d  s topp ing  d is ta n ce , and th is  is also
shown in figure 5.3.
The design o f a v e r t ic a l cu rve  is contro lled by use o f a 'K '
va lue . This value is used to calculate the m inimum permissable
le n g th  o f v e r t ic a l cu rve  fo r  a p a r t ic u la r  change in gradient. 
The le n g th  o f cu rve  re q u ire d  is calculated by m u ltip ly ing  the 
a lg e b ra ic  d iffe rence between the gradients (measured in percent) 
e ith e r  side o f the curve by the ’K 1 value. Layout o f Roads in
R u ra l A reas l is ts  'K 1 values fo r  s u m m it and sag curves fo r  
va rious  design speeds, based upon the  drivers eye and ob ject 
le ve ls  p re v io u s ly  described , and the  s topp ing  distance fo r an 
average veh ic le . O 'F laherty (6) and Ashworth (7) both fee l th a t 
th e re  is ju s t if ic a t io n  in using a lower object level than 1.05m, 
so th a t  d r iv e rs  w ould  be able to  see a r t ic le s  fa l le n  fro m  
v e h ic le s ,  f a l le n  m o to r c y c l is t s ,  c a r  re a r lig h ts ,  and o th e r
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objects lower than 1.05m . This is the  case in the  U .S .A  (2) 
w here the  d rive rs  eye level is 1.30m (due to the larger U.S.A 
cars) and the object level is only 0.10m, the same figures are 
also used in  Low  C ost Roads. 'K* values are given fo r  these 
s ig h tin g  he ig h ts , bu t due to  the higher eye level and s ligh tly  
d i f fe re n t  s topp ing  distances the 'K 1 values are almost iden tica l 
to  those in Layout o f Roads in Rural Areas.
The HOPS programs use a m inimum radius o f curvature, ra th e r than  
a 'K ' va lue , so i t  was necessary to derive minimum ra d ii o f 
curvature from  these 'K ' values.
The m inimum curve length fo r the above example Will be:-
Curve Length = K .( X + Y ) Equation 1
W here K is the  'K ' va lue , and X and Y are the percent 
gradients.
The m inimum curve length can also be expressed as:-
Curve Length = R.A Equation 2
W here R is the  m inimum curve radius, and the A the angular 
change in gradient measured in radians.
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The angle A is the sum of the angles of the two gradients fro m  
the  h o r iz o n ta l.  F o r the sm all angles being considered (up to 8 
p e rc e n t  g r a d ie n t )  th e  a n g le  o f th e  g ra d ie n t ( in  rad ians)
a p p ro x im a te s  to  th e  ta n g e n t  o f  th e  ang le, w h ich  is the  
p e rcen tag e  g ra d ie n t d iv ideed  by 100. Thus substitu ting fo r the 
angle A in equation 2 produces:-
C u rve  Length = R.( X + Y ) /  100 Equation 3
E quating  equations 1 and 3 and s im p lify ing , produces the simple 
re la tionsh ip :-
Curve Radius (R) = 100.K
Thus fo r  the  re la t iv e ly  sm a ll angu la r changes found on road
v e r t ic a l alignments, the 'K ' value can be simply converted to a 
m in im u m  cu rve  radius, which is then suitable fo r use w ith  the 
HOPS programs. Table 5.2 shows the m inimum ra d ii o f curvature
th a t  have been derived from  Layout o f Roads in Rural Areas fo r 
various design speeds.
The m in im um  cu rve  le n g th  is de fin ed  a rb it r a r i ly  as ha lf the
design speed in k ilom etres per hour (1) and these are also given 
in  ta b le  5 .2 . T h is  is c o n t r o l le d  to  g iv e  a s a t is f a c to r y  
appearance to  the  v e r t ic a l a lig n m e n t, avo id ing  the e ffe c t of 
sm a ll bumps and dips. For both sum mit and sag curves the m inimum  
cu rve  le n g th  fo r  roads w ith  design speeds greater than 80 kph 
w i l l  on ly  be a constra in t fo r  changes o f grade o f less than 1 
p e rc e n t. F o r la rg e r  changes o f gradient the 'K 1 value w il l  be 
the lim itin g  constra in t.
The e f fe c ts  o f the  v e r t ic a l curve constraints, and the use o f 
a lte rna tive  values are studied in Chapter 10.
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Form ation W idth
The fo r m a t io n  w id th  o f a road inc ludes  the w id th  o f the  
c a r r ia g e w a y ( s ) ,  v e r g e s ,  and c e n t r a l re s e rv e  ( f o r  d u a l 
carriageways). The carriageway w idth must provide fo r the design 
speeds and t r a f f ic  c a p a c ity  fo r  the  expected flows along the 
ro u te  (4). Verges are p rov ided  to  a llo w  fo r  stopped vehicles, 
d ra in a g e , o c c a s io n a l p e d e s tr ia n s , d isp laced  snow (1, 6), and 
v is ib i l i t y .  On high speed ru ra l roads in cuttings verge widening 
m ay be required on the inside of t ig h t horizonta l curves so tha t 
s ig h t d is tances  are m aintained. C entra l reserves are fo r safety 
and drainage purposes (1). Recommended carriageway widths, and 
fo rm a tio n  widths fo r recommended and minimum verge and centra l 
reserve w idths are given in table 5.3, from  Layout o f Roads in
Rural Areas. The e ffec ts  o f fo rm ation  w idth on energy costs are
examined in Chapter 10.
Side Slopes
S ide  s lo p e s  in  c u t  o r f i l l  a re  r e s t r ic te d  fo r  reasons o f 
s ta b i l i t y ,  re s is ta n ce  to  e ros ion , and operation o f p lant during 
c o n s t r u c t io n  and a f t e r  (e .g .  f o r  g rass  c u t t in g )  (6). The
s teepes t va lue  possib le  w i l l  be the  angle o f repose o f the  
m a te r ia l  c o n c e rn e d  (u n le s s  a r t i f i c ia l  r e s tra in t  is used)(2). 
G e n tle r  slopes increase the earthwork volumes, but give greater 
s ta b i l i t y ,  s a fe ty , and ease o f c o n s tru c tio n  and m a in tenance . 
M o to r iz e d  m a in tenance  equ ipm ent (e .g . m ow ers) w o rks  m ost 
e f f ic ie n t ly  on slopes o f 1 in 3 or less (2). Slopes of 1 in 4 or 
less enable d r iv e rs  to  m a in ta in  some ve h ic le  con tro l i f  they 
have to  d iv e r t  in  an em ergency o f f  the  road (2). F la t side
slopes are also m ore s ta b le , and m ore re s is ta n t to  erosion,
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grass can be established at slopes o f 1 in 2, or even 1 in  1.5 , 
b u t not steeper (2). Therefore i t  can be more expensive to  use 
s te e p e r  s id e  s lo p e s , due to  th e  in c re a s e d  d i f f i c u l t y  o f 
construction and maintenance.
The a c tu a l va lues used va ry  according to the soil and ground 
cond itions, but typ ica l values are 1 in 1.5 or 1 in 2. Low Cost 
Roads g ives 1 in  1.5 as ty p ic a l fo r  f i l l ,  bu t c u t slopes as 
o f te n  b e in g  s te e p e r .  Tw o se ts  o f da ta  supp lied  by Road 
C o ns truc tio n  U nits both used 1 in 2. The e ffec ts  o f a lte rna tive  
side slope standards are examined in Chapter 10.
The In troduction  o f H ighway L ink  Design
L a y o u t o f Roads in  Rural Areas (LRRA) was published by the 
(the n ) M in is try  o f Transport in 1968. The object of the manual 
was to ensure tha t new roads were constructed to meet ce rta in  
le v e ls  o f s a fe ty  and capa c ity , w ith  an adequate allowance fo r 
fu tu re  t ra f f ic  growth. The standards recommended were based on 
the most recent experience and research in to  t ra f f ic  behaviour.
The sections in LRRA re la ting to the design o f h ighw ay lin k s , 
w ere  rep la ced  by the in tro d u c tio n  o f a new m anua l, ca lled  
H ighw ay L ink Design (HLD) (8), introduced in 1981. This manual 
in tro d u c e d  a g re a te r level o f f le x ib il ity  fo r the engineer when 
des ign ing  a road. The manual states tha t the major ob jective  o f 
the  s tandard  i t  g ives is to  ensure th a t road designs achieve 
va lue fo r money. Throughout the manual, a great emphasis is put 
upon the use of economic analysis, and stresses the use o f the 
D e pa rtm en t of Transport's cost-benefit analysis program COBA at 
a ll stages o f the  design process. HLD stresses tha t departures 
fro m  s tandards (w ith in  l im its )  are acceptable where th is leads 
to  a re d u c tio n  in  cons truc tion  cost and environm ental damage, 
and an improvement in the economic performance o f the design.
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W hilst the standards given in  HLD  fo r  m a jo r ru ra l roads are 
s im ila r to those in LRRA, a more flex ib le  approach to gradient 
standards is indicated. HLD also puts more emphasis on using the 
design o f the  road to  c o n tro l the  speed of the t ra f f ic .  The 
m a jo r standards from  LRRA and HLD are lis ted in table 5.4. The 
m o s t s ig n i f ic a n t  changes in  s tandards are fo r  the v e r t ic a l
curves and gradients o f single carriageway roads.
The nex t tw o  sec tions  o f th is  C h a p te r b r ie f ly  exam ine the
d iffe re n c e s  betw een the  g ra d ie n t, and ve rtica l curve standards 
g iven  by LR R A  and H LD . S ection  5.5.3 reviews a paper tha t
com pares two designs fo r  a road, one design to LR RA standards 
and the other to HLD standards. This paper helps emphasize the 
im portan t differences between the two standards.
5.5.1 Maximum Gradient
The maximum gradient standards given in the two reports are:-
LRRA HLD
Motorways 3 3
A ll purpose dual 4 4
A ll purpose single 4 6
The only d iffe rence shown above is the lower standard (s tee pe r 
g ra d ie n ts ) adopted fo r  s ing le  c a rria g e w a y  roads by HLD. The 
values shown are recom m ended values, and LRRA states 'a 4 
p e rc e n t  g ra d e  s h o u ld  n o rm a lly  be regarded  as a d e s ira b le  
m ax im um , though in h illy  country steeper gradients may have to 
be adop ted , p a r t ic u la r ly  on the less im p o r ta n t ro u te s '. The 
emphasis on relaxing standards in HLD is ra ther greater, as tha t 
s ta te s  'in  h i l ly  te r ra in  s teeper g ra d ie n ts  w i l l  f re q u e n t ly  be 
re q u ire d '. H LD  also recommends tha t fo r  a ll purpose routes an 
econom ic assessment should be carried out in order to determ ine 
the  e ffe c ts  o f using s teepe r g ra d ie n ts . An appendix indicates
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how this assessment should be unde rtaken , and th is  is c le a r ly
based upon the work o f Kerman (9), reviewed in Chapter 3 o f this
resea rch . This appendix is discussed in more deta il in section 
5.6.
The overall gradient l im it  im plied by HLD is 8 percent, and the
m anua l s ta te s  th a t 'g ra d ie n ts  steeper than 8 percent shall be
considered as depatures from  standards'.
5.5.2 V e rtica l Curves
The d iffe rences  between the ve rtica l curve standards o f the two 
m anuals are in d ic a te d  in tab le  5.4. The m ajor d ifferences are 
th a t  the  s topp ing  s ig h t d is tance  'K ' values fo r  c re s t curves 
have  in c re a s e d  s lig h t ly ,  fo r  sag curves have a p p ro x im a te ly  
h a lv e d ,  and  o v e r t a k in g  s ig h t  d is ta n c e s  have  in c re a s e d  
considerably.
The stopping sight distances 'K ' values fo r crest curves in HLD 
have increased as the measurements are now between a driver's 
eye leve l of 1.05 metres, and an object height o f 0.26 metres. 
The object height used in LRRA was 1.05 metres, th is had been 
c r i t ic is e d  as i t  d id  n o t a llo w  fo r  fa lle n  m o to rc y c lis ts  or 
pedes trians , o r sm a ll objects on the road. The increase in the 
'K ' va lue due to  th is  change is p a r t ly  o ffse t by the shorter 
s to p p in g  d is tances  used in H L D , p roba b ly  b ro u g h t abou t by 
improved vehicle and road surface technology.
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The 'K ’ values fo r  sag curves fo r  roads w ith  fa s te r  design 
speeds than 70 kph vary. This is due to a change in the method 
used to calcu la te the standards, LRRA allow ing fo r headlamps to 
i l l lu m in a te  o b je c ts  on the  road, H LD  p ro v id in g  fo r m inimum 
com fo rt. Below 70 kph, both standards use the headlamp stopping 
s ig h t  d is ta n ce . A d d it io n a l d iffe re n c e s  are aga in due to  the  
reduced stopping distances used in HLD.
Probably the most s ig n if ic a n t ’ d if fe re n c e  in  the  t re a tm e n t o f 
v e r tic a l curves between LRRA and HLD concerns the provision of 
o v e rta k in g  s ig h t d is tan ce  on s ing le  ca rria g e w a y  roads. LRRA 
re q u ire d  th a t  o v e r ta k in g  should be p rov ided  fo r  w h e re ve r 
poss ib le . H LD  re q u ire s  th a t a c e rta in  percentage o f the road 
should p e rm it  o v e rta k in g , depending upon the  t r a f f ic  le ve ls , 
th is  pe rcen tage  v a ry in g  fro m  15 percen t on lig h tly  tra ff ic k e d  
roads to 40 percent on busier ones. Therefore in many situations 
H L D  a llow s  the  use o f  s topp ing  s ig h t distance 'K 1 values fo r 
c re s t curves, pe rm itting  a much closer f it t in g  road design. This 
is i l lu s tra te d  by the  exam ple  w h ich  is examined in the next 
section.
5.5.3 LR R A and H LD  in  Use
This se c tio n  exam ines the  e f fe c t  o f designing a road to  the 
standards la id down in the two manuals. H il l (10) compares two 
designs fo r a 4.1 k ilom etre link  road between the A55 road and 
the  tow n of Llandudno, on the N orth  Wales coast. A design had 
o r ig in a l ly  been p re p a re d  fo r  th is  road in  1977, using th e  
s tandards in  L R R A . Th is design was fo r  a 10 m e tre  single 
c a r r ia g e w a y ,  and p ro v id e d  f u l l  o v e r ta k in g  s ig h t d is tan ce  
th ro u g h o u t .  The e a r th w o rk s  in c u r re d  by th is  design w ere 
c o n s id e ra b le ,  w i th  c u t t in g s  up to  7 .5  m e tre s  deep, and 
embankments 9 metres high. On one tig h t horizonta l curve in a 
c u t t in g ,  verge widening of 31 metres was required on the inside
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of the bend in order to m ainta in the overtaking sight lines. The 
road re q u ire d  4 s tru c tu re s , to  cross the Chester to Holyhead 
ra ilw a y  lin e  and 3 local m inor roads. A t the public inquiry, the
in s p e c to r recom m ended tha t the design should be reassessed in 
o rde r to  t r y  and m it ig a te  the  e n v iro n m e n ta l im p a c t o f the 
design.
A second design was commissioned in 1981, and this was able to 
take  advantage o f H LD  w h ich  had ju s t been introduced. This 
design used steeper gradients o f 7 percent instead o f 4 percent 
fo r  the  L R R A  design, and the use o f a 10 m etre carriageway 
a llow ed  fo r  c ra w le r  lanes on these ascents. O v e rta k in g  was 
lim ite d  to specific  sections o f road, as recommended in HLD, and 
th is  enabled the  use o f c re s t cu rve  'K 1 va lues o f 34. The 
p ro v is io n  o f ove rtak ing  sight distance in the earlie r design had
re q u ire d  c re s t curve 'K* values of 150. The use o f the steeper 
g ra d ie n ts  and t ig h te r  c re s t cu rves produced a design w h ich  
c lo se ly  fo llow ed the ground p ro file . This led to the decision to
p rov id e  a t grade ju n c tio n s  (roundabouts) w ith  the three m inor 
roads intersected by the new road.
The concept of the fin a l design is a trans ition  between the high 
speed dual ca rria g e w a y  o f the  A55 and the  urban roads in 
L landudno, w h ich  provides a reduced level of service compared 
w ith  the orig ina l LR R A design. The HLD design has an overtaking 
f a c to r  o f  35 p e rc e n t, ju s t be low  the  va lue  o f 40 p e rce n t 
recommended by HLD fo r this type o f road. This discrepancy is
p a r t ly  due to  the  num ber of roundabouts in a re la tive ly  short 
length o f road.
The costs fo r the two schemes were:-
LRRA scheme - £8.22M 
HLD scheme - £6.14M
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and the earthwork volumes were:-
LR RA scheme -  cu t 288000 cubic metres.
- f i l l  226000 cubic metres.
HLD scheme - cu t 159000 cubic metres.
- f i l l  110000 cubic metres.
The earthwork values c learly  show the enormous reduction brought 
about by the HLD design, the earthwork being reduced to  a l i t t le  
over h a lf  the  o r ig in a l e s tim a te . The reduction in landtake is 
ve ry  s im ila r. R egre ttab ly, no economic assessment was undertaken 
o f the  rev ised  design, and thus i t  is not possible to comment 
upon the  e f fe c ts  o f the  change in  s tandards upon operating 
costs.
Th is paper in d ic a te s  the d ra m a tic  e f fe c ts  th a t  a change in 
design policy can have upon the construction costs o f a road. In 
th is  case th e  chan ge  is p r im a r ily  due to  a re la x a tio n  o f 
g ra d ie n t s tandards com bined w ith  re d u c tio n  in the overtaking 
re q u ire m e n t. The e f fe c ts  upon energy costs of design changes 
such as these are discussed in Chapter 10.
Calculation of Fuel Costs for Highway Design Choice
A greater emphasis is now put upon the ca lcu la tion o f user costs 
when evaluating road designs. LRRA advocated a maximum gradient 
o f 4 percent, but HLD implies tha t the use o f steeper gradients 
m ay be d e s ira b le , and provides a detailed methodology fo r the 
c a lc u la t io n  o f user costs on gradients. Further, the e ffe c t of 
g ra d ie n ts  upon fu e l costs is also inc luded  as p a r t o f the 
D e p a r tm e n t  o f T ra n s p o rt cost b e n e fit  ana lys is p rog ram  fo r  
h ighw ay e v a lu a tio n , COBA. This section examines the data and 
methods used in HLD and COBA.
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5.6.1 Highway L ink  Design -  Appendix 2
H ig h w a y  L in k  D e s ig n  re q u ire s  an econom ic ana lys is to  be
und e rtake n  w here lo c a l conditions indicate tha t s ign ifican t cost 
savings cou ld  be ach ieved by the  use o f s teepe r g ra d ie n ts . 
A ppend ix  2 o f HLD, 'Economic Im plications of Steep Gradients', 
describes the method of, and provides the data fo r, undertaking 
th is  analysis. This appendix is c learly  derived from  the work of
K e rm an  (9), reviewed in Chapter 3. The appendix uses exactly the 
same method, and illus tra tes  the technique w ith  the same worked 
exam ple . However, the values fo r user costs included in HLD are
somewhat d iffe re n t from  those orig ina lly  used by Kerman.
F ig u re  5.4 shows the  re la tio n s h ip  b e tw e e n  u se r c o s ts  and 
g ra d ie n t p resen ted  in  H L D , th is compares w ith  the data from  
K e rm an shown in figure 3.1. Kerman presented a series o f curves 
fo r  d iffe r in g  percentages of goods vehicles, but HLD presents a 
s in g le  c u rv e  f o r  z e ro  goods v e h ic le s ,  and the  fo llo w in g  
equations fo r ca lcu la ting user costs from  this curve:-
Tota l UUC = UUC.( 1 + H/20 ) + ( £m 1.33 x L ) 
fo r  a dual carriageway.
Tota l UUC = UUC.( 1 + H/20 ) + ( £m 1.42 x L ) 
fo r a single carriageway.
Where UUC = un it user cost,
H = percentage heavy vehicles,
L = length o f road.
These c a lc u la tio n s  produce s ig n if ic a n t ly  d i f fe re n t  costs  from  
the  data presented by Kerman, and costs fo r d iffe r in g  gradients 
and percentages o f heavy vehicles from  Kerman and HLD are shown 
in tables 5.5 and 5.6.
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The costs w ill be used com parative ly, the re fo re  tha  m agn itudes 
o f the costs are less im portan t than the changes in cost between 
d if fe r in g  gradients, and tables 5.5 and 5.6 show the percentage 
increase from  a level road in each case. The percentage changes 
presented by Kerman are very much higher than those from  HLD, 
and show a much greater sens itiv ity  to changes in the percentage 
o f heavy ve h ic le s . I t  is of some considerable concern th a t the 
co s t changes ca lcu la ted  from  HLD show so l i t t le  sens itiv ity  to 
the  pe rcen tage  o f goods veh ic le s . Evera ll (12) shows th a t the 
fu e l costs o f goods vehicles w ill typ ica lly  be increased by 100 
p e rce n t on a 6.25 percent gradient, whereas cars w ill only incur 
a 25 p e rce n t inc rease . Thus i t  seems ve ry  un like ly th a t the 
change in  the  e f fe c t  o f g ra d ie n t on user costs would be as 
in s e n s it iv e  to  heavy ve h ic le s  as is suggested by H L D . The 
percentage increases shown by Kerman vary from  28 percent w ith  6 
p e rc e n t heavy goods veh ic les on an 8 percent gradient, to 39 ’ 
p e rc e n t w ith  20 percent heavy goods vehicles on an 8 percent 
g ra d ie n t. This is c e r ta in ly  much more the type o f sens itiv ity  
one w ould expe c t to  a change in  the  pe rcen tag e  o f heavy 
veh ic les. The low increases in user costs indicated by HLD w ill 
c le a r l y  a s s is t  th e  d e s ig n  e n g in e e e r  in  b e in g  a b le  to  
econom ically ju s tify  the use o f steeper gradients.
The worked examples given by Kerman and HLD show the  same 
a lte rna tive  pro files, but w ith  the fo llow ing cost d iffe rences:-
Costs fo r  28000 vehicles per average August day 
M illions o f pounds 
Kerman HLD
4% 7.5% 4% 7.5%
Construct 17.273 15.628 16.291 15.628
Operate 23.347 24.038 34.871 35.215
T otal 40.620 39.666 51.162 50.843
NPV 0.954 0.319
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The construction costs fo r the 4 percent designs are id e n t ic a l,  
b u t H LD  has a ra ther lower value fo r the 7.5 percent design. 
In c o rp o ra tin g  Kerm an's user costs w ith  HLD's construction costs 
would produce a net present value o f £28000 fo r the 4 percent 
gradient design.
W h ils t an econom ic assessment o f th is  type  enables a more 
f le x ib le  approach to  g ra d ie n t design than a r ig id ly  app lied  
m axim um  gradient standard, the author considers th a t the lack of 
s e n s it iv ity  to  the percentage o f heavy goods vehicles questions 
the  v a l id i ty  o f th is  p a rticu la r method of cost ca lcu la tion. The 
a u th o r also fe e ls  tha t i t  is unfortunate tha t there is no more
s u ita b le  o r up to  d a te  source o f da ta  fo r  the  e f fe c t  o f 
g ra d ie n ts  upon operating costs than Everall. The work o f E vera ll 
is discussed in Chapter 3, and the low vehicle speeds, and age
o f th e  r e p o r t ,  to g e th e r  w ith  the  ra th e r  gene ra lised  te s ts
und e rtake n , are u n lik e ly  to  adequa te ly  rep re se n t veh ic le  and 
t ra f f ic  conditions on modern m ajor roads.
5.6.2 COBA
Section 5.5 has shown tha t HLD puts considerable emphasis on the 
use o f CO BA (11) to  com pare a lte rna tive  road designs. COBA 
c a lc u la te s  fu e l costs fo r  a road from  a form ula  th a t re lates 
fue l consumption to h illiness:-
FC = (a + b /v + c .v ^ ) . ( l  + m.H + n.H ^ )
Where v = average speed,
H = H illiness, the mean rise and fa ll along the section
o f road in metres per k ilom etre ,
a,b,c,m,n are constants fo r a specific  vehicle.
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This equation was derived from  Evera ll, and the use of hilliness 
in  th e  e q u a tio n  su g g e s ts  a p o te n t ia l fo r  in a c c u ra c y  in  a 
s itu ta tio n  where there is a s ign ifican t change in grade w ith in  a 
COBA link.
This can be illus tra ted  by the fo llow ing example:-
o %
Scheme A Scheme B
See Corrigenda Page C.3
For scheme A the gradient is a steady 4 percent, and Everall's 
da ta  in d ica te s  a ty p ic a l increase in fue l consumption fo r cars 
o f 7.5 percent from  the level road value. For scheme B, ha lf the 
p ro f i le  is le v e l, and the other ha lf has an 8 percent gradient, 
E v e ra ll ind ica tes  an increase o f 24 percent fo r cars fo r the 8 
pe rcen t g ra d ie n t, g iv in g  a mean increase  o f 12 p e rce n t- fo r 
p ro f i le  B. The h illiness o f both pro files  is the same, and thus
CO BA w ould c a lc u la te  the  same fu e l cos t fo r  both pro files,
whereas the data from  Evera ll actua lly  indicates th a t scheme B 
w ould  incur a considerably greater fue l cost than scheme A. This 
is an ex trem e example, i t  would not be usual fo r gradients to
va ry  to  th is  exten t w ith in  a COBA link , but i t  does illu s tra te  
th a t the results of the fue l calculations in COBA are lik e ly  to
be m isleading when there are variations o f gradient. The author 
once again notes the questionable use o f the work o f E ve ra ll to 
assess the  c h a ra c te r is t ic s  o f modern vehicles on modern m ajor 
roads.
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Concluding Remarks
The design o f the ve rtica l alignment of a road is contro lled to 
e n su re  a s a fe , c o m fo r ta b le  road, capable  o f c a rry in g  the  
required volume of t ra f f ic .  When this research was commenced the 
s tandards fo r  the  v e r t ic a l p ro file  o f a road were described in 
L a y o u t o f Roads in Rural Areas. Subsequently a revised standard 
has been introduced fo r the design o f roads, called Highway L ink 
Design. This standard adopts a more flex ib le  approach to maximum 
g ra d ie n ts , and p rov ides  a method fo r undertaking an economic 
assessment of a lte rna tive  maximum gradients fo r a specific  road 
schem e. The au tho r considers th a t the data provided fo r this 
assessment is not appropriate fo r modern m ajor roads.
This research examines the  e f fe c ts  o f the  v a r ia t io n  o f these 
d e s ig n  s ta n d a rd s  upon energy costs . The a lte rn a t iv e  design 
Standards used in this research are described in Chapter 9. The 
e f fe c ts  upon energy costs o f these a lte rn a tiv e  standards are 
examined in Chapter 10.
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TABLE 5.1
Design Characteristics for Roads in Different Types of Terrain
From Low Cost Roads
Road Type Terrain Design
Speed
kph
Maximum
Percent
Gradient
Maximui
Gradiei
Length
Primary Flat or rolling 80-110 4 None
Hilly 55-80 5-7 600m
Mountainous 40-55 7-9 400m
Secondary Flat or rolling 60-80 5 None
Hilly 50-60 5-7 None
Mountainous 35-50 7-9 750m
Feeder Flat or rolling 50-60 7 None
Hilly 35-50 7-9 None
Mountainous 25-35 9-12 1000m
TABLE 5.2
Recommended Minimum Vertical Curve Radii and Length (metres) 
Derived from Layout of Roads in Rural Areas
Design
Speed
kph
Minimum
Sag
Radius
Minimum
Summit
Radius
Minimum
Curve
Length
M'way 17500 17500 60
120 7500 10500 60
100 5000 5000 50
80 3000 2500 40
60 2000 1000 30
v  d y e
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TABLE 5.3
Recommended Formation Widths (metres) 
From Layout of Roads in Rural Areas
Capacity
PCUs/day
Speed
kph
Road
Width
Overall
Normal
Width
Overall
Minimum
Width
Typical
Width
66000 120 Dual 14.60 40.7 34.45 35.2
55000 120 Dual 11.00 33.5 27.25
33000 120 Dual 7.30 26.1 19.85 26.1
15000 100 10.0 17.0 14.0
9000 100 7.30 14.3 11.3 14.3
Road
Type
LRRA Dualy
HLD Dual
TABLE 5.4
Recommended Standards from LRRA and HLD
Lengths in metres
Minimum Minimum Summit 
Overtake 
Sight
Design
Speed
kph
120
120
Stopping
Sight
Distance
'K*
Value
300
225
Distance
105
105
Sag
'K'
Value
Overtake
'K'
Value
75
37
LRRA Single 100 210
HLD Single 100 165
450
580
50
59
50
26
240
400
LRRA Single 80 140
HLD Single 80 125
360
490
25
33
30
20
150
285
LRRA Single 60
HLD Single 60
90
70
270
345
10
11
20
20
90
142
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TABLE 5.5
Unit User Costs on Gradients
From Highway Link Design
Costs in thousands of pounds per 10000 vehicles (dual carriageway)
Percent Percent Heavy Goods Vehicles
Gradient 6 10 15 20 6 10 15 20
Unit User Costs per kilometre Percent Increase from Level
0 3676.5 4037.5 4488.8 4940.0 0.00 0.00 0.00 0.00
2 3715.5 4082.5 4541.3 5000.0 1.06 1.11 1.17 1.21
4 3819.5 4202.5 4681.3 5160.0 3.89 4.09 4.29 4.45
6 4021.0 4435.0 4952.5 5470.0 9.37 9.85 10.33 10.73
8 4313.5 4772.5 5346.3 5920.0 17.33 18.20 19.10 19.84
TABLE 5.6 
Unit User Costs on Gradients 
From Kerman
Costs in thousands of pounds per 10000 vehicles 
Percent Percent Heavy Goods Vehicles
id ien t 6 10 15 20 6 10 15 20
Unit User Costs per kilometre Percent Increase from Leve!
0 2620.0 2772.0 2956.0 3140.0 0.00 0.00 0.00 0.00
2 2632.0 2796.0 2992.0 3196.0 0.46 0.87 1.22 1.78
4 2732.0 2924.0 3164.0 3404.0 4.27 5.48 7.04 8.41
6 2976.0 3212.0 3504.0 3800.0 13.59 15.87 18.54 21.02
8 3360.0 3628.0 3996.0 4360.0 28.24 30.88 35.18 38.85
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The Highway O p tim iza tion  Program System
6.1 Summary
This chapter b r ie fly  introduces the Highway O ptim iza tion  Program 
System , w h ich  is a suite of four computer programs. The fou r 
program s are used to produce an optim ized ve rtica l alignm ent fo r 
a h ighw ay design. The programs are b rie fly  described and th e ir  
in s ta l la t io n  a t the  U n iv e rs ity  o f S u rrey C o m p u tin g  U n it  is 
o u tlin e d . F in a lly  the  characteris tics  of the programs th a t were 
re levant to this research are discussed.
6.2 In troduction
The H ighw ay O p tim iz a t io n  P rogram  System is a suite o f four 
com pute r programs used fo r evaluating the ve rtica l alignm ent of 
a road. The programs were developed by the Transport and Road 
Research Laboratory, and d istribu ted by the Highway Engineering 
C om puting  Branch o f the Departm ent of Transport. The programs 
are fu l ly  described in a series o f TRRL reports and the users 
m anual (re fe re n ce s  1 to  7). For completeness b rie f descriptions 
o f  th e  th re e  program s used in  th is  research  are g iven  in  
sections 6.4 to 6.6.
G iven the ground p ro file , and the geom etric constra in ts upon the 
a l ig n m e n t ,  th e  fo u r  p rogram s w i l l  produce a design fo r  a 
v e r t ic a l a lig n m e n t th a t is o p tim iz e d  to  m in im ize construction 
co s t. P rog ram  o u tp u t includes details of the in te rsection  points 
o f the v e r t ic a l cu rves, e a rth w o rk  vo lum es, and plots o f the 
f in a l alignment and the mass haul diagram. The programs can also 
be used in d iv id u a lly  to  check d iffe re n t aspects o f an existing 
road design.
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The four programs in the suite are:-
a) PR ELU D E - th is checks the ground p ro file  data fo r errors 
and s im p lifies  i t  to give s tra igh t line cross sections.
b) VENUS - takes the ground data from  PRELUDE and generates 
an i n i t i a l  v e r t i c a l  a l ig n m e n t  th a t  obeys the  design 
constra in ts but is not optim ized.
c) JANUS - adjusts the ve rtica l alignment to satis fy  phasing 
c r i t e r ia  (m a tch in g  the  h o r iz o n ta l and ve rtica l curves to 
avoid a visually poor and possibly unsafe road design).
d) M IN E R V A  - a d ju s ts  an i n i t i a l  v e r t ic a l a lig n m e n t to  
m in im iz e  e a r th w o rk  and s tru c tu ra l costs . The in i t ia l  
alignment is usually tha t produced by VENUS.
This research only examines ve rtica l a lignm ents, and no d e ta ils  
w e re  a v a ila b le  o f the  h o r iz o n ta l a lig n m e n ts  fo r  the  ground 
p ro f ile s  examined (see Chapter 4). For this reason the Program 
JANUS was no t used in  th is  resea rch , and is no t discussed 
fu rthe r.
Usage o f the HOPS Programs
The HOPS programs are used by many of the Road C onstruction 
U n its  (R .C .U .'S ) throughout the country. Generally the programs 
have been found to be a useful too l fo r  comparing a lte rna tive  
designs du ring  the  in i t ia l  s tud ies  fo r  a new road. The fin a l 
a lign m en t is rare ly a pure computer design as changes close to 
d e s ig n  f in a l iz a t io n  are m ore eas ily  made by hand. Th is  is 
because sm a ll lo c a liz e d  changes to the alignment would cause 
M IN E R V A  to  re c a lc u la te  the  e n tire  road design in  order to
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optim ize the earthworks. Changing the entire  alignment at a la te 
design stage would c learly  be unacceptable. The HOPS programs 
are being used the R.C.U.'S m ainly fo r m otorway and trunk road 
schemes, the trunk roads usually being bypasses.
PRELUDE
The ground data is input to PRELUDE in one o f two forms, centre 
lin e , o r cross section . Centre line data consists o f centre line 
c h a in a g e s  and le v e ls  along the  ground p ro f i le  on ly . C ross 
s e c tio n  da ta  cons is ts  o f c e n tre  line chainages and levels, and 
o f fs e t  distances and levels fo r  each chainage point. The use o f 
o f fs e t levels enables more accurate earthwork calcu la tions to be 
m ade , p a r t ic u la r ly  in  h i l ly  areas. The m axim um  num ber o f 
chainage points tha t can be input is 750, w ith  up to 50 points 
on each cross section. The programs check the data fo r errors, 
and th e r e fo r e  te s t  v a lu e s  are in p u t fo r  the  long s e c tio n  
g r a d ie n t ,  c h a in a g e  in t e r v a l ,  and le v e l d iffe re n c e  be tw een 
o ffs e ts  (w here  cross s e c tio n  da ta ). The program reads in the 
da ta , and then checks the  input data against the test values, 
tests are carried out fo r :-
a) Chainage in te rva l size and order.
b) O ffse t o rder,in te rva l, and gradient.
c) Longitudinal gradient.
d) Card numbers and card order.
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6.5
6.5.1
I f  the data meets a ll the tes t c r i t e r ia ,  i t  is then  o u tp u t to  
th e  .re q u ire d  s to ra g e  dev ice . C e n tre  lin e  da ta  re q u ire s  no 
fu r th e r  c a lc u la t io n  and is o u tp u t d ire c t ly .  Cross section data
is s im p lif ie d  by using a least squares method to f i t  a s tra igh t 
l in e  to  each  c ro s s  se c tio n . This s im p lif ie s  the  subsequent 
c a lc u la tio n s  c a rr ie d  ou t by the  fo llow ing  HOPS programs, and 
reduces the data storage requirem ent.
The fin a l output from  PRELUDE lis ts  chainages, levels, and cross 
section  gradients. A long section drawing is also p lo tted  by the 
lin e p r in te r  to  assist in checking the data fo r errors, the scale 
fo r  th is  d raw ing  is ca lcu la ted autom atica lly  by PRELUDE. The
o u tp u t data can add itiona lly be stored on cards, paper tape, or 
magnetic tape, fo r use by the other HOPS programs.
VENUS
VENUS takes the ground data output by PRELUDE, and a set of 
v e r t i c a l  a lig n m e n t design s tandards in p u t by the  user, and
g e n e ra te s  an i n i t i a l  v e r t i c a l  a lig n m e n t. The a lig n m e n t is 
genera ted  in  fo u r  m ain stages, and these are described in the 
next sections.
Quasi A lignm ent
T h is  is p ro d u c e d  by sm oo th ing  the  ground p ro f i le  using a 
w e ig h te d  average o f ground le v e ls  over a g iven  range . The
w e ig h tin g  facto rs  take the fo rm  of an isosceles triang le  over a 
range o f 500 to 1000 metres. The resu lt is a smooth p ro file , fo r 
w h ich  the cu t and f i l l  volumes approxim ate ly balance, but which 
does not comprise tangent lines and ve rtica l curves.
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6.5.2 Preliminary Alignment
A series  o f curves is f it te d  to the quasi alignment by loca ting
the  in f le c t io n  p o in ts , and f i t t i n g  tangent lines. The in fle c tio n  
p o in ts  are found  by lo o k in g  fo r  p o in ts  w here the change in 
g ra d ie n t changes sign. W here in f le c t io n  p o in ts  are too close 
to g e th e r to  a llo w  a reasonab le  cu rve  to  be f it te d , they are 
e ith e r  e lim in a te d  ( i f  tw o  points), or the middle point used ( if  
th re e ). The maximum curve length allowed is contro lled to avoid 
curves o ve rla p p in g . The p rog ram  then f its  parabolic curves to 
connect the tangent lines, using a least squares method.
6.5.3 Feasible Alignment
Each curve  in turn  is checked fo r v io lations of m inimum curve 
le n g th  o r o v e r la p p in g ,  i f  n e c e s s a ry  th e  c u rv e  le n g th  or 
in te rs e c t io n  p o in t cha inage is a lte re d . These pa ram e te rs  are
th e n  h e ld  c o n s ta n t w h ile  the  in te rs e c t io n  p o in t le v e ls  are
changed to  s a t is fy  g ra d ie n t, rad iu s , and le v e l c o n tro l p o in t 
v io la t io n s . I f  a fe a s ib le  a lig n m e n t has no t been ob ta in e d  a 
p e n a lty  function  is form ed. This is the sum of the magnitudes o f 
each  c o n s tra in t  v io la t io n  m u lt ip l ie d  by the  fa c to r  fo r  th a t 
c o n s tra in t typ e . An o p tim iz a tio n  technique then m inim izes this 
p e n a lty  function. I f  a feasible alignment cannot be obtained the 
program is term inated.
6.5.4 Final Alignment
An im proved f i t  to the ground p ro file  is obtained by m in im iz ing  
the  sum o f the  m odu li o f the d iffe rence  between the ground
p ro f i le  and the road p ro file  at each chainage. The m in im iza tion  
is undertaken by varying the curve length and in te rsection  point 
p a ra m e te rs , w ith in  the geom etric constraints. The fin a l v e rtica l
Page 6.6
Chapter 6
Highway O ptim iza tion  Program System
alignment thus obeys a ll the c o n s tra in ts  and is f i t t e d  c lo se ly  
to  the ground, but is not optim ized w ith  respect to earthworks. 
A p lo t  is p ro d u c e d  by th e  l in e p r in te r  show ing the  f in a l
a lig n m e n t. The cu rve  le n g th  and in te rsection  point parameters 
can be output to  punched cards fo r input to MINERVA.
MINERVA
M IN E R V A  takes the output from  VENUS, the ground p ro file , the 
g e o m e tr ic  c o n s tra in ts , and the  u n it  c o n s tru c tio n  costs , and 
p ro d u c e s  an o p t im iz e d  v e r t i c a l  a lig n m e n t, m in im iz in g  the  
construction cost.
An o b je c t iv e  fu n c t io n  is fo rm e d  representing the cost o f the 
a lig n m e n t as a function  o f the in tersection point chainages and 
le v e ls ,  and th e  c u rv e  le n g th s . Each o f these v a r ia b le s  is 
ad justed  in  tu rn  u n t i i  no fu rth e r reduction in the construction
cos t can be achieved. I f  th is adjustment results in a constra in t 
v io la t io n  a v a r ia b le  e lim in a tio n  techn ique  is used to  a d jus t 
o ther variables to satis fy  the constraints. When the program has 
ad jus ted  a ll the  v a ria b le s  i t  reverses and works back to the
f i r s t  variable. Thus the program continues to cycle up and down 
the  v a r ia b le  l is t  u n t i l  the  re d u c tio n  in  cost, expressed as a 
pe rcen tag e  o f the  cos t at the beginning o f th a t cycle is less 
than one percent.
The f in a l  a l ig n m e n t  is th e n  o u tp u t g iv in g  d e ta ils  o f the  
in te r s e c t io n  p o in t pa ram e te rs  and cu rve  le n g th s , e a r th w o rk  
vo lum es, mass haul d iag ram , and separa te  p lo ts  o f the fin a l
a lig n m e n t and mass haul d iag ram . The alignment can also be 
output to cards fo r use by . fu rth e r programs.
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Use o f the HOPS programs a t The U n ivers ity  o f Surrey
A fe w  in i t ia l  fa m ilia r iz a t io n  runs o f the early versions o f the 
p rogram s w ere  made, the la tes t versions o f the programs were 
then obtained from  the Highway Engineering Computing Branch o f 
the  D e p a rtm e n t o f T ra n s p o rt (HEC B) on magnetic tape. Each 
program  in tu rn  was tested using the user's manual tes t data and 
then dumped onto an archive magnetic tape. The dumps were each 
in  tw o  parts, the Fortran  (source) program, and the compiled and 
l in k e d  (b in a ry )  p rog ram . D u rin g  no rm a l usage the  co m p ile d  
program s were run d ire c t ly , avoiding tim e  wasting by repeated 
c o m p ila t io n s . The F o r tra n  p rog ram  was s to red  to enable any 
e d it in g  to be carried out. Between each dump the contents o f the 
archive tape were copied onto one o f two save tapes. These then 
form ed a back up store should the archive tape become damaged.
Program MINERVA was dumped in three parts, source pa rt 1, source 
p a r t 2 , and binary, th is was necessary due to the large size of 
the program.
P rob lem s encountered during the dumping process included tapes 
snapping and stre tch ing, and fa u lty  copying caused by d ir ty  tape 
decks.
S h o rtly  a fte r com pletion o f the orig ina l dumps a set o f program 
am endm ents was re c e iv e d . A l l  the programs were then edited, 
re c o m p ile d , and dumped again. This proved to  be a very tim e  
consuming process, as a ll corrections had to be made using sets 
o f punched co m p u te r cards, on-line editing fa c ilit ie s  not being 
ava ilab le . Among the corrections was a new card output fo rm a t 
s ta te m e n t fo r MINERVA, which had been found to be in co rre c t 
during program testing.
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The ground data fo r use w ith  the  program s was s to re d  on a
m agnetic  tape Hopstore. Between runs o f PRELUDE, the contents of 
H opstore  were copied onto a second tape O ldstore. PRELUDE then 
read in  the  da ta  fro m  O ldstore , copied i t  onto Hopstore, and
added the new data set. This enabled any unwanted data sets to 
be deleted by om itting  them during the copying process. A new 
command program had to be produced by the computing un it fo r  the 
H ops to re  to Oldstore copy as none of the existing commands would 
handle the tape fo rm at used by PRELUDE.
The fina l result was an archive tape from  which the edited and 
com p iled  program s cou ld  be run d ire c t ly ,  w ith  tw o  back up
a rc h iv e  tapes, and tw o  data storage tapes. As a precautionary
measure a th ird  data storage tape was la te r added.
Back-up Tapes
Hopstore
Hops
HopstoreOldstore
Copy Macro
6.8 F a c ilitie s  O ffe red  by The HOPS Programs
The HOPS programs provided a number o f fa c ilit ie s  which proved 
to  be p a r t ic u la r ly  usefu l in the context o f this research. This
are discussed b r ie fly  in the fo llow ing sections.
6.8.1 Input and O utput o f Data
The large quantity  o f ground data used was stored on m agnetic 
tape , thus avo id ing  repeated use o f large easily damaged card
decks. The transmission of data between VENUS and MINERVA was
s tra ig h tfo rw a rd  as the in tersection point details were output by 
VENUS onto  punched cards in the co rrec t fo rm a t fo r input to
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MINERVA. MINERVA output punched cards fo r  both the in te rsection
p o in t details and the mass haul diagram fo r the fin a l alignment.
These could then be used as input fo r  programs ca lcu la ting the
energy costs o f construction and operation.
6.8.2 Design Constraints
The use o f the programs VENUS and MINERVA enabled the e ffe c ts  
o f va ry ing  maximum gradient, m inimum gradient, m inimum  ve rtica l 
le n g th , and m in im um  ra d ii o f v e r t ic a l curvature to be easily 
examined. W ith MINERVA the road w idth, side slopes, and costs of 
construction could also be varied.
6.9 Operation of HOPS
6.9.1 Hardware Problems
There were a number of problems encountered w h ils t running the 
HOPS programs at the U n ivers ity  o f Surrey Computing U n it. These 
w e re  due to  a c o m b in a t io n  o f the  age o f the  co m p u tin g  
fa c il i t ie s ,  and the size of the HOPS programs and data. MINERVA 
proved to  be a pa rticu la r problem, w ith  turnaround tim es as long 
as a week, and some program runs fa ilin g  to com plete w ith in  the 
tw o  hour tim e  l im it  imposed by the computing un it. To solve th is 
p rob lem , some o f the  la rg e r  sets o f data  were reduced (see 
C h a p te r 4) by removing cards fo r in term edia te  chainage values. 
The use o f the punched card output fo rm  MINERVA also grea tly  
in c re a s e d  the  tu rn a ro u n d  t im e , and th is  f a c i l i t y  had to  be 
abandoned in order to complete a ll the necessary runs o f HOPS 
w ith in  the  a v a ila b le  t im e . The d e ta ils  o f the fina l alignm ent 
and earthwork volumes from  each MINERVA run were transcribed 
fro m  the  p r in te d  o u tp u t and punched onto cards m anually fo r  
input to the author’s energy cost ca lcu la tion  programs.
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Several runs o f MINERVA had to be repeated up to fou r tim es due 
to  disc fa ilu res prior to program com pletion. This was caused by 
a com bina tion  o f the age o f the computing system and the large 
overla id s tructure  o f the program.
6.9.2 Software Problems
The basic design ph ilosophy o f the program s m eant th a t  a 
feasible alignment could not always be obtained, even though one 
c o u ld  be p ro d u c e d  m a n u a lly .  The  p ro b le m  occurs in  the  
o p t im iz a t io n  te chn ique  described  in  parag raph  4.5.3. Robinson 
(2) discusses lim ita tio n s  in th is op tim iza tion  process which may 
le a d  to  a fe a s ib le  a l ig n m e n t  n o t b e in g  found . Th is  was 
p a r t ic u la r ly  n o tic e a b le  when sm a ll m axim um  g ra d ie n ts  w ere  
s p e c ifie d , a lthough  they  were larger than the average gradient 
between the end points o f the ground p ro file  in question.
6.10 Concluding Remarks
The HOPS program s p rov ided  a re la tive ly  quick and consistent 
m e th o d  o f p roduc ing  a lte rn a t iv e  h ighw ay v e r t ic a l a lig n m e n t 
d e s ig n s . The p ro g ra m s  p e r m it te d  the  in p u t o f a lte rn a t iv e
standards fo r  a ll aspects o f ve rtica l alignment design, and thus
ro a d  d e s ig n s  c o u ld  be p ro d u ce d  exam in ing  the  e f fe c ts  o f
individual design standards. The output produced by the programs 
w as s u ita b le  f o r  use as in p u t fo r  fu r th e r  purpose w r i t te n
p ro g ra m s  th a t c a lc u la te d  c o n s tru c tio n  and o p e ra tio n  energy 
costs.
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Road C onstruction Energy Costs
In troduction
This C h a p te r describes the co llec tion  o f the data necessary fo r 
the  c a lc u la tio n  o f the  changes to  c o n s tru c tio n  energy costs 
caused by the a lte rn a t iv e  design s tandards exam ined  in th is 
research.
S e c t io n  7.2 discusses the  th re e  m ain  ope ra tio n s  du rin g  the  
c o n s tru c tio n  o f a road, and concludes tha t fo r the m a jo rity  of 
the  design changes examined by this research, only the energy 
costs o f earthwork construction w ill be a ffected .
Section 7.3 discusses the fue l consumption and production o u tp u t 
o f  e a rth m o v in g  p la n t du ring  h ighw ay c o n s tru c tio n . The fu e l 
c o n s u m p tio n  o f d i f f e r e n t  ty p e s  o f e a r th m o v in g  p la n t  is 
tab u la te d , and the varia tions to production and fue l consumption 
caused by changes in construction site condition are considered. 
The m a jo r c h a ra c te r is t ic s  o f three types of s ite cond ition are 
d esc rib ed . F in a lly  th is  s e c tio n  looks a t the  tw o  a lte rn a t iv e  
ty p e s  o f  p la n t  th a t  are used fo r  the  haul o p e ra tio n , and 
evaluates the proportions of each type like ly  to be used fo r the 
pro files  examined in th is research.
Section 7.4 presents the data c a lc u la te d  fo r  the  s p e c if ic  fu e l 
consum p tion  o f each o f the  ea rthw o rk  construction operations. 
The range o f va lues produced fo r each operation is presented, 
and fro m  these values three average values are ca lcu la ted fo r 
each o p e ra tio n , re p re s e n tin g  the  three types o f site cond ition  
discussed in section 7.3.
Page 7.2
Chapter 7
Road C onstruction Energy Costs
Energy Costs of Road Construction
There are three m ajor aspects o f highway construction:-
Earthworks.
Structures.
Surfacing.
The e f fe c t  of the ve rtica l alignment design changes examined in 
th is research upon each of these operations is considered in the 
next three sections.
The Energy Cost of Surfacing
The energy cost o f surfacing w ill be dependent upon the length 
and w id th  o f the  road surface. For the ve rtica l p ro file  design 
changes exam ined in  th is  research the road w id th  is constant, 
e xce p t fo r the designs tha t examine changes to fo rm ation  w idth. 
The length  o f the road w ill not be s ig n ifica n tly  a ffec ted  by the 
v e r t i c a l  d e s ig n  s ta n d a rd s  v a r ia t io n s  c o n s id e re d  in  th is  
research , fo r example a road w ith  a 5 percent gradient w ill only 
be 0.12 p e rce n t lo n g e r than  a le v e l road covering the same 
h o rizo n ta l distance. As the length and w id th  o f the road surface 
are no t usua lly  a f fe c te d , the  s u rfa c in g  energy cost has been 
assumed to be constant fo r the a lte rna tive  pro files  studied, and 
is no t in c lud ed  in  th is  resea rch . The om iss ion  o f s u r fa c in g  
energy costs  is noted in Chapter 10, when discussing the road 
designs w here w id th  has been altered. Typica l energy costs o f 
road surfacing are given in Appendix 1.
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.2 The Energy Cost o f S tructures
The number o f structures required fo r a new road w ill generally 
be d i c t a t e d  by th e  t e r r a in  th a t  th e  ro a d  is c ro s s in g ,  
p a r t ic u la r ly  by the  presence o f r iv e rs ,  ra ilw a y s  and o th e r 
roads. Because of the con fiden tia l nature o f the ground p ro file  
d a ta  s u p p lie d  to  the  a u th o r fo r  th is  resea rch , i t  was not 
poss ib le  to  d e te rm in e  the  quantities o f s tructures like ly  to be 
required fo r  these ground profiles.
F o r the  same reasons o f lack o f data, the e ffe c ts  o f va ria tion  
in  ro a d  p r o f i le  upon the  s ize  o f s tru c tu re s  cou ld  n o t be 
c a lc u la te d . Some assum ptions could have been made about the 
re la t io n s h ip  be tw een s tru c tu re  s ize  and road p ro file  changes, 
and the  HOPS programs can include in the op tim iza tion  process 
the cost o f a s truc tu re  tha t is dependent upon fo rm a tion  height 
or dep th . H ow eve r, re la tio n s h ip  between cost and depth would 
h ave  been dep ende n t upon the  s ize , p o s itio n , and ty p e  o f 
s truc tu re  necessary, and there was no data giving any ind ica tion  
o f  t y p ic a l  s t r u c tu r e s .  G ene ra lised  costs  fo r  s tru c tu re s  fo r  
ty p ic a l roads are available, and these are given in Appendix 1. 
These costs  g ive  no in d ic a t io n  o f v a r ia t io n  w ith  a lte rn a tiv e  
d e s ig n  s ta n d a rd s , and w e re  n o t s u ita b le  fo r  use fo r  th is  
research . In view of the lack of data re la ting  to structures, i t  
was considered  a p p ro p ria te  to assume tha t the energy cost o f 
s t r u c tu r e s  c o u ld  be t re a te d  as c o n s ta n t fo r  the  types  o f 
va ria tio n  examined, ra ther than a ttem pt to  generate costs where 
no adequate data was available.
In many situations the ve rtica l a lignm ent design s tanda rds  w i l l  
no t a f fe c t  the  design o f s tructures, and this was the case fo r 
the  th re e  sets o f da ta  supp lied  to  the  a u th o r th a t included 
d e ta ils  o f the data input to the HOPS program M INERVA. The 
d e s ig n  o f  a s t r u c tu r e  is f re q u e n t ly  f ix e d  b e fo re  th e  road 
v e r t i c a l  p r o f i le  is f in a l is e d ,  th is  w i l l  t y p ic a l ly  be f o r
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reasons such as m aintainance o f adequate c le a ra n ce  h e ig h ts . In 
th is  type  o f s itua tio n  i t  w ill be the presence o f the structu re
th a t  w i l l  a f fe c t  the  road p ro file , ra ther than the road p ro file  
a f fe c t in g  the  s tru c tu re .  F o r the  th re e  sets o f ground p ro file  
da ta  p re v io u s ly  mentioned, th is fix in g  o f the level o f the road 
fo r  s tru c tu re  design purposes was indicated by the use o f level
c o n tro l p o in ts  w ith  the  HOPS design program MINERVA. Road 
designs w ere  produced fo r  these pro files w ith  and w ith ou t the
le v e l c o n t r o l  p o in ts ,  and the  re s u lts  o f these a lte rn a t iv e
designs are examined in Chapter 10.
7.2.3 The Energy Costs o f Earthw ork C onstruction
The energy costs o f earthworks w ill be d ire c tly  a ffec ted  by the 
design c o n s tra in t changes examined in th is research. In general, 
the  m ore c o n s tra in ts  th a t are app lied  to  an a lig n m e n t, the
poo re r w i l l  be its  a b ili ty  to closely fo llow  the ground p ro file .
The more the road deviates from  the ground p ro file , the greater
w i l l  be the  vo lum es o f earthworks necessary, and consequently 
the earthwork construction energy cost w ill increase.
The e a rth w o rk  vo lum es fo r  each o p e ra tio n  du ring  e a r th w o rk  
c o n s tru c tio n  are ind iv idua lly detailed in the data output by the 
HOPS p rog ram  M IN E R V A . Thus i t  is possib le  to  a c c u ra te ly
d e te rm in e  the  e ffe c ts  of the design changes considered in th is 
re s e a rc h  upon e a rth w o rk  vo lum es. The energy costs  o f the  
earthw orks can be calculated from  the earthwork volumes, and the 
energy required fo r each o f the earthm oving operations per un it 
v o lu m e . The n e x t s e c t io n  o f  th is  C h a p te r  describes  the 
ca lcu la tion  o f these energy consumptions.
Page 7.5 
Chapter 7
Road Construction Energy Costs 
Energy Consumption during Earthmoving
In  o rd e r  to  c a lc u la te  the energy costs  o f  c o n s t ru c t in g  the  
e a r th w o rk s  fo r  a road a l ig n m e n t as produced by the HOPS 
program s, the s p e c i f ic  energy costs of the various earthmoving 
operations have been calculated. These costs can be expressed in 
te rm s  of the fuel used per unit volume of m ateria l moved ( l it res  
o f  fu e l per cub ic  m e tre  o f  m a te r ia l ) .  The basic earthmoving 
operations are:-
a) Excavate and load.
b) Haul.
c) Spread and compact.
d) Import of m ateria l from  outside the construction area.
e) Export of m ateria l to outside the construction area.
For the purposes of this study items d) and e) can be ca lcu la te d  
f ro m  a) to  c) assuming an average haul distance to and from  
b o r r o w  and sp o i l  areas (see paragraph 7 .4 .4). The s p e c i f ic  
e n e rg y  c o s ts  c a l c u la t e d  fo r  each o f  these o pe ra t ions  are 
presented and discussed in section 7.4.
The specific energy cost o f  an e a r th m o v in g  o p e ra t io n  can be 
c a lc u la te d  from the production output, and fuel consumption, o f 
the type  o f p la n t  t y p ic a l ly  used fo r  th a t  ope ra t ion . Typical 
fu e l  consumptions of earthmoving plant are discussed in section 
7 .3.1, and this shows that the consumption of plant depends upon 
the operation tha t i t  is undertaking.
The production output and fuel consumption of earthmoving p la n t  
is g re a t ly  a f fe c te d  by the cond it ions of the construction site 
on which the plant is working. For example, on a wet site w ith  
steep haul roads the average haul speed, and thus the production
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o u tp u t ,  o f  hau ling  plant w i l l  be very low, and in addition the
fu e l  consumption w i l l  be high as the hauler w i l l  be working at a 
high pow er o u tp u t  fo r  a high pe rcen tage  of the t im e .  The 
C ate rp i l la r handbook (1) shows tha t the output o f a scraper can
be reduced to 40 percent of its  maximum by poor site conditions, 
and the fuel consumption increased by 66 percent. The combined 
e f f e c t  is a t o t a l  increase in s p e c i f ic  fu e l consum p tion  in
excess  o f  300 p e r c e n t .  Because o f  the la rge  v a r ia t io n  in 
s p e c i f ic  fu e l consum ption  caused by d i f fe re n t  site conditions, 
th re e  sets of specific fuel consumption data have been produced, 
fo r  good, average, and poor construction site conditions. These 
s i te  co n d it io n s  are described in section 7.3.2, and the e ffec ts
o f  these a l te rn a t iv e  sets o f c o n s t ru c t io n  energy consumptions
upon the results of this research are examined in Chapter 10.
There are generally two types of plant used fo r  the e a r th w o rk  
haul o pe ra t ion .  These plant types are ideally selected according 
to  the re q u ire m e n ts  o f the site, but may be more frequently
se lec ted  s im p ly  on the basis o f plant ava ilab il ity . The choice
o f p la n t  fo r  hau ling  w i l l  a f fe c t  the plant used for the other
operations, and this is discussed in section 7.3.3.
7.3.1 Fuel Consumption of Earthmoving Plant
A n u m b e r  o f  s o u rc e s  (1 to  8) g iv e  d e ta i l s  o f  the  fu e l  
consum ption  and p ro d u c t io n  output of earthmoving plant fo r  a 
range o f c o n s tru c t io n  site conditions. Table 7.1 shows the fuel
consum ptions  o f d i f f e r e n t  types of earthmoving plant operating
under va r ious  co n d it io n s ,  w i th  an il lus tra tion  showing the type 
o f  p l a n t  c o n c e r n e d .  G e n e r a l l y  th e  c a l c u la t i o n  o f  th e  
consumptions are based on a constant figure for fuel consumption 
in l i t r e s  per k i low a tt  hour. C learly the plant is unlikely to be
o p e ra t in g  continuous ly  at fu l l  power, so a fac to r  is applied to 
rep resen t the percentage of t im e for which fu l l  power is being
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used. This fac to r  w i l l  vary considerably, according to  the p la n t  
typ e .  A machine that is loading m ateria l into other plant, may 
w e l l  be using fu l l  power fo r  a major part of its  working t ime, 
whereas a machine that is moving m ateria l may only need to use 
f u l l  pow er when s ta r t in g  or c l im b in g .  There w i l l  also be a 
degree o f dependency upon the construction site, as sites w ith  
poor q u a l i ty  roads and steep climbs w i l l  cause moving plant to 
use a h igher degree o f f u l l  pow er. The load factors used to 
produce the data  in ta b le  7.1 va ry  f ro m  75 p e rc e n t  f o r  a 
b u l ld o z e r  push load ing to 35 percent fo r a hauler (dump truck), 
th is  d i f fe re n c e  h ig h l ig h t in g  the type  o f  w o rk  the two plant 
types are undertaking.
This data  has been used in conjunction w ith  estimates of the 
p ro d u c t io n  o u tp u t  o f  the p la n t ,  to  calculate the specific fuel 
consumptions discussed in section 7.4.
7.3.2 Site Conditions
The w o rk ing  co n d it io n s  on road c o n s t ru c t io n  s ites  w i l l  vary 
cons ide rab ly  acco rd ing  to  the h i l l in e s s  of the site, the types 
of earthwork m ateria l being handled, and the weather conditions. 
G enera l M o to rs  (2) g ive the fo l lo w in g  d e sc r ip t io n s  o f  good, 
average, and poor site conditions.
Good conditions:-
M a te r ia l : -  to p s o i l ,  lo a m /c la y  m ixture (low moisture), compacted 
coal, ' l igh t earth1 (no rock).
Load ing  Area:- unrestricted in length or width, dry and smooth, 
scrapers loading downhill.
Rolling Resistance to ta l less than 4 percent.
Constant supervision at loading and dumping areas.
Page 7.8
Chapter 7
Road Construction Energy Costs
Average conditions:-
M a te r ia l : -  c la y  w i th  some moisture, so ft or well ripped shale, 
lo o s e  sand w i t h  some b inder,  m ix tu re  o f d i f f e r e n t  earths , 
sand/fine gravel m ixture.
Load ing  A re a : -  some re s t r ic t io n s  in length or width, dry w ith  
some loose materia l, scrapers load on level.
Rolling Resistance to ta l 4 percent to 7 percent.
In te rm it te n t  supervision at loading and dumping areas.
Poor conditions:-
M a te r ia l : -  Heavy (dense) or wet clay, loose dry-blown sand w ith  
no b inder,  coarse g rave l (no f ines),  unr ipped shale, frequent
boulders or rock outcropping.
L o a d in g  A re a : -  r e s t r ic te d  in le ng th  or w id th ,  w e t,  s l ip p e ry
and /o r  s o f t  (not maintained), scrapers load uphill or on a side 
slope.
Rolling Resistance to ta l over 7 percent.
No supervision in loading or dumping areas.
The e f fe c t  o f  r o l l i n g  r e s is ta n c e  is c l e a r l y  in d ic a t e d  by 
C a te r p i l la r  (1), who state tha t ro ll ing resistance can vary from
2 pe rcen t fo r a hard smooth surfaced roadway w ithout penetration 
to  10 pe rcen t fo r  a loose sand or g rave l 'roadway1. This is 
shown to  t y p ic a l ly  reduce scraper output from  100 percent (2 
pe rcen t r o l l in g  res is tance )  to  50 pe rcen t (10 p e rc e n t  ro ll ing
resistance) of its  potentia l.
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These  v a r ia t i o n s  in  s i t e  c o n d i t io n s  w i l l  p r o d u c e  l a r g e  
v a r ia t i o n s  in  s p e c i f i c  e n e rg y  c o s ts .  The w id e  ra n g e  o f 
g e o l o g i c a l ,  t o p o l o g i c a l ,  and m e t e o r o lo g ic a l  c o n d i t io n s  
encountered in the United Kingdom means tha t any of these types 
o f  s ite  c o n d it io n  cou ld  be encountered. To allow fo r this the 
au th o r  has produced three sets of values fo r  each earthmoving 
operation, and used these to produce three sets of energy costs 
fo r  the a l te rn a t iv e  road designs. The e ffects  of this variation 
in construc tion  cost upon the results of this thesis is examined 
in Chapter 10.
Plant Type
The choice of plant type for the haul stage of the earthmoving 
p ro c e s s  d i c t a t e s  th e  p la n t  t y p e  used in  th e  e x c a v a t io n  
operation. The two possible systems are:-
EXCAVATE & LOAD HAUL SPREAD & COMPACT
Dozer & Scraper Scraper S c ra p e r ,  D o z e r ,  G ra d e r ,  &.
Compacter
Loader Hauler Dozer, Grader, & Compacter
The fuel consum ption  dur ing  the haul and e xc a v a t io n  stages 
va r ies  acco rd ing  to  the plant type being used (i.e. scrapers or 
hau lers).  In o rde r to  obtain an average figure fo r  the specific  
fu e l  consum ptions of haul and excavation, the re la t ive  amounts 
o f  m ateria l that would ideally be moved by each plant type have 
been calculated for the ground profiles examined.
Parsons and Broad (3) state tha t fo r econom ic  reasons hau le rs  
are generally used for haul distances above 2000 metres. This is 
due to hau lers having high loading costs but low hauling costs 
when com pared w i th  scrapers. In te rn a t io n a l Harvester (4) also
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show tha t haulers should be used fo r  hauls g re a te r  than  2000 
m e t r e s  in  c o n d i t io n s  o f  average r o l l in g  res is tance . Where 
r o l l in g  res istance is high, haulers should be used at lower haul 
distances.
An e s t im a te  o f the re la t iv e  am ounts o f m a te r ia l tha t would 
id e a l ly  be moved by each p la n t  type  has been produced by 
ana lys ing  the mass haul diagrams fo r a typ ica l road design fo r  
each o f  the ground profiles. The road design selected was the 
coventiona l motorway used as the reference design in the results 
discussed in Chapter 10. The amount of haul greater than 2000 
m e tre s  fo r  each p ro f i le  was calculated, and this was found to 
rep resen t 27 pe rcen t o f  the to ta l haul. Thus the specific fuel 
consum ption  f ig u re  fo r  haul was weighted during averaging to 
rep resen t 27 percent haulers and 73 percent scrapers. The fuel 
c o n s u m p t io n  fo r  the excava te  and load stage was s im i la r ly  
w e igh ted ,  but according to the volumes of m ateria l rather than 
the quantity of haul (volume x distance). These figures are only 
e s t im a te s ,  and rep resen t an idea l s i tu a t io n .  In p ra c t ic e  the 
choice of plant w i l l  be governed also by other factors, such as 
a v a i la b i l i t y  o f  p a r t ic u la r  p la n t  types, type of m ateria l to be 
moved, and the site conditions.
Specific Fuel Consumption Data
S p e c if ic  fu e l consumption values have been calculated from  the 
f u e l  consum p tions  g iven in ta b le  7.1 and e s t im a te s  o f  the 
p ro d u c t io n  o u tp u t  o f  p lan t  p rov ided  by a number of sources. 
Tab les 7.2 to 7.4 show the values that have been calculated, the 
sources from which the production and fuel consumption data was 
ob ta ined , and the s ite  cond it ion s  fo r  which the data applies. 
F ro m  each o f these tab les , average consum ptions  fo r  each 
e a r t h m o v in g  o p e ra t io n  have been c a lc u la te d  fo r  th re e  s i te
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co n d it io n s .  These f in a l  f ig u re s  are shown in ta b le  7.3, and 
these values have been used to calculate the construction energy 
costs  presented in Chapter 10. The data for each earthmoving 
operation is discussed in the subsequent paragraphs.
7.4.1 Excavate and Load
Tab le  7.2 shows specific fuel consumption of earthmoving plant 
dur ing  the  excava te  and load stage. Two d iffe ren t plant types 
are g iven, loaders , w h ich  would  n o rm a lly  work in conjunction 
w i th  hau lers  (dump trucks), and dozers which would work w ith  
s c r a p e r s .  T h e s e  v a lu e s  show a c o n s id e r a b le  v a r i a t i o n ,  
p a r t ic u la r ly  be tween the tw o  p la n t  types. The value fo r  the 
lo ade r  is generally higher than the value fo r  the dozer, as the 
loade r is moving all the m ateria l loaded into a hauler, whereas 
the dozer is ass is ting the scraper, and some o f  the energy 
req u ire d  to  load the m ateria l into the scraper comes from  the 
scrape r  i ts e l f .  The excavate and load operation is less a ffec ted  
than the haul ope ra t io n  by s ite  co n d it io n s ,  as the p la n t  is 
re la t ive ly  static .
7.4.2 Haul See Corrigenda Page C . l
The haul operation is more complicated, as the prodution output 
o f  the p la n t  w i l l  be affected by the haul distance, and is not a 
s im p le  vo lum e per unit t im e. International Harvester (4) give a 
formula fo r  scraper production per unit t im e  of the fo rm :-
Production = a /  ( H + b ) E q u a t io n  1
Where H is the haul distance, and 'a' and 'b1 are constants.
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C a te rp i l la r  (1) supply production o u tp u t  cha r ts  fo r  hau l p la n t ,  
r e la t in g  output to haul distance, and these are c learly produced 
f ro m  a form ula of the same type as shown in equation 1. The data 
f ro m  o the r  sources was also found to f i t  an equation of this 
type.
The specific fuel consumption during haul can be calculated from 
the production per unit t im e and the fuel consumption per unit 
t im e :-
S p e c if ic  fu e l  consumption = FC /  P Equation 2
Where FC = fuel consumption per unit t im e (hour), 
and P = the production per unit t im e  (hour).
From equations 1 and 2 the specific fu e l  consum ption  can be 
expressed as a function of haul distance, fo r a part icu la r item  
of plant:-
S p ec if ic  fuel consumption = c + ( d x H )  Equation 3
where 'c ' is a constant representing the fuel consumed during 
the loading and unloading periods,
'd' represents the fuel used per unit distance during 
the haul period,
and 'H1 is the to ta l haul distance.
Table 7.3 shows the specific fuel consumptions th a t  have been 
c a lc u la te d  using the above formula. Two values are shown in each 
case, one value fo r  the cons tan t  'c ' in  equation 3, and the 
o th e r  fo r  the cons tan t  'd1. The 'c' value is measured in l i tres  
per cubic metre, and the 'd* value in l i tres  per cubic metre per 
m e tre  o f haul. The values are in tw o  groups, one group fo r  
scrapers and one group fo r  haulers. The values fo r haulers are 
lo w e r  than fo r  scrapers, as haulers are more economical wh ils t 
m ov ing , and consume l i t t l e  fuel during loading, as the loading
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is c a r r ie d  out by o the r  p la n t .  The *c' v a lu e  f o r  s c ra p e rs  
inc ludes  a cons ide rab le  am ount o f the fuel used to load the 
sc rape r ,  re s u l t in g  in a h igher value than for the hauler. The 
p l a n t  ( l o a d e r )  used  to  lo a d  t h e  h a u le r  w i l l  have  a
c o rre spond ing ly  h igher fu e l  consumption than the plant (dozer) 
assisting the scraper, as can be seen in table 7.2.
The values in table 7.3 also show tha t the hauling plant is m ore  
a f fe c te d  by site conditions whilst i t  is moving. The e f fe c t  of a 
change f ro m  good to poor site conditions increases the loading 
( ' c 1) v a lu e  by t y p i c a l l y  50 t o  100  p e r c e n t ,  b u t  th e  
co rrespond ing  increase in the moving ('d') value is 100 to 500 
pe rcen t.  This is because moving plant not only has to use a much 
h ighe r  power o u tp u t  on a poor s ite ,  bu t also t ra v e ls  m ore
slowly, reducing the output of the plant.
The fuel consumed during the loading and un load ing  pe r iod  ( ’c 1 
v a lu e )  w i l l  be th a t  used by the p lan t  w h ile  m anoeuve r ing , 
w a i t i n g ,  lo a d in g  ( f o r  s c ra p e rs ) ,  u n lo a d in g ,  s t a r t i n g ,  and 
s topp ing , a l l  these ope ra t ions  being independent o f the haul 
d i s ta n c e .  The f u e l  used during  the haul pe r iod  ('d' va lue) 
r e p r e s e n ts  th e  f u e l  consumed w h i ls t  the p la n t  is a c tu a l ly  
moving.
7.4.3 Spread and Compact
Tab le  7.4 shows s p e c i f ic  fu e l consum ptions fo r  spreaders and 
c o m p a c te r s .  S p re a d e rs  are used to d is t r ib u te  the m a te r ia l  
deposited by hau lers and scrapers, and compacters are used to
com pac t the m ateria l to provide a f i rm  structure. These are less
a ffec ted  by site conditions than haulers, as they are working in 
a r e la t iv e ly  con f ined  area and are thus not a ffec ted  by haul
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road cond it ions . There  is cons ide rab le  v a r ia t io n  be tw een  the 
da ta  from  d iffe ren t sources, which is part ly  due to estimates of 
d i f f e r e n t  s ite  co n d it io n s ,  a lthough none of the sources clearly 
specified the type o f conditions tha t were assumed.
.4 Average Specific Fuel Consumptions
F rom  the data  presented in tables 7.2 to 7.4, average specific 
fu e l  consumptions have been calculated, and these are shown in 
t a b le  7 .5 .  T h re e  f ig u r e s  have  been c a lc u la te d  fo r  each 
op e ra t io n ,  re p re s e n t in g  poor, average, and good site conditions. 
Where site conditions were not specified, the condition has been 
assumed f ro m  the re la t io n s h ip  o f the part icu lar value to the 
values from  other sources for the same operation. The objective 
was to  produce th re e  values represen ting  the like ly  range of 
fu e l  consum ptions, in o rder fo r  the e f fe c ts  o f  v a r ia t io n  in 
construction cost to be considered in this research.
The cons tan t  fo r  the haul p la n t  rep resen t in g  the fu e l  used 
during  the  load ing  and un load ing  operation (the !c' value) has 
been added to that fo r the loading vehicle, as i t  is related to 
the amount of m ateria l being moved and not to the haul distance. 
Thus the f ig u re  quoted fo r  the haul operation represents only 
the  fu e l  consumed w h i ls t  the p la n t  is m ov ing , and the load 
f ig u re  inc ludes  the fu e l consumed by the hauling plant during 
the  load ope ra t ion .  This w i l l  no t a f f e c t  the f ina l results as 
a l l  m a te r ia l  that is loaded is then hauled (either to f i l l  or to 
spoil).
The im po r t  figure has been calculated from the excavate and load 
f ig u re  and the haul figure. S im ilarly  the export figure has been 
produced from those fo r the haul operation and the spread and 
c o m p a c t  o pe ra t ion .  The ca lcu la tion of these figures assumed a 
mean haul distance of 600 metres. This was derived from  Parsons
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and Broad (3) who use an average d istr ibution of spoil or bo rro w  
areas of 1 per 2.4 kilometres. Thus the maximum haul distance 
wou ld  be 1.2 kilometres, and the mean haul distance 600 metres 
(assuming th a t  the bo rrow  or spo il area is ad ja ce n t to  the 
s i te ) .  The HOPS prog ram  MINERVA was found not to  produce 
s ig n i f i c a n t ,  volumes o f b o rrow  or spo il when o p t im iz in g  an 
a l ig n m e n t,  so the fu e l  cos t o f  these operations was generally 
very small fo r  the road designs examined in this research.
Concluding Remarks
Fo r the a l te rn a t iv e  road designs examined in this research, i t  
was considered that the energy costs of surfacing and structures 
cou ld  be assumed to be constant. The earthwork volumes would 
va ry  cons ide rab ly ,  and data  has been collected to enable the 
calculation of the energy costs of earthworks.
From th is  da ta  the s p e c i f ic  fu e l consum ptions fo r  the  f iv e  
earthmoving operations defined by the HOPS program MINERVA have 
been c a l c u la t e d .  A ra n g e  o f  v a lu e s  have  been produced 
rep re se n t in g  poor, average, and good site conditions, and these 
a re  show n in  ta b le  7.5. Poor s i te  c o n d it io n s  can increase  
s p e c i f ic  fuel consumption fo r  the haul operation by as much as 
500 p e rce n t,  due to  both  low ered  p r o d u c t iv i t y  and increased 
power output.
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Road Construction Energy Costs
TABLE 7.1
Fuel Consumption (litres per kw hr) of Earthmoving Plant
Plant Type Source Working Conditions
or Activity Good Average Poor
Pushing (7) 0.225
Loading and dozing (7) 0.200
Moving (7) 0.150
Crawler (1) 0.183 0.213 0.244
Crawler shovel . S i f (8) 0.161
Tracked loader f i( (2) 0.147 0.210 0.257
Front end loader * (1) 0.107 0.137 0.167
Wheel loader (2) 0.128 0.174 0.236
Scraper self loaded (1) 0.147 0.167 0.198
Scraper push loaded (1) 0.122 0.152 0.183
Wheel scraper (2) 0.134 0.178 0.223
Hauler (1) 0.076 0.107 0.137
Dump truck (8) 0.098
Hauler (2) 0.038 0.057
i
0.081
Motor grader (8) 0.122
Motor grader (2) 0.125 0.172 0.236
Wheel tractor/compactor (2) 0.177 0.239 0.287
Tractor/bulldozer mu. (8) 0.146
Bottom dump (1) 0.091 0.122 0.152
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TABLE 7.2
Specific Fuel Consumption During Excavate and Load
Plant Type Source Fuel Consumption 
litres/cubic metre
Loader (3) 0.296
Loader (2) 0.128
Loader (4) 0.166
Loader (6) 0.225
Dozer (3) 0.280
Dozer (2) 0.085
Dozer (4) 0.077
TABLE 7.3
Specific Fuel Consumption During Haul
Plant Type Source Site Litres per Litres per
Conditions Cubic metre Cubic metre
Scraper (3) Not Specified 0.35
per metre 
0.0006
Scraper (2) Good 0.1 0.00013
Scraper (2) Average 0.13 0.00028
Scraper (2) Poor 0.155 0.00058
Scraper (4) Good 0.1205 0.0002
Scraper (4) Average 0.1525 0.00025
Scraper (4) Poor 0.226 0.00039
Scraper (6) Not Specified 0.226 0.00009
Scraper (2)&(5) Not Specified 0.283 0.00047
Hauler (2) Good 0.04 0.00003
Hauler (2) Average 0.05 0.000075
Hauler (2) Poor 0.1 0.0002
Hauler (4) Good 0.125 0.000075
Hauler (4) Average 0.175 0.0001125
Hauler (4) Poor 0.175 0.00025
Hauler (2)&(5) Not Specified 0.135 0.00005
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TABLE 7.4
Specific Fuel Consumption During Spread and Compact
Plant Type Source Litres per
Spreader (3)
cubic metre 
0.161
Spreader (2) 0.031
Spreader (6) 0.075
Compacter (3) 0.096
Compacter (2) 0,054
Compacter (6) 0.086
TABtE 7.5
Average Fuel Consumption During Earthmoving Operations
Fuel consumption litres/cubic metre
Site Condition Poor Average Good
Earthmoving
Operation
Excavate and Load . 0.520 0.339 0.201
Haul (litres/cm/m) 0.000407 0.000201 0.000123
Spread and Compact 0.257 0.162 0.085
Import 0.717 0.429 0.257
Export 0.501 0.283 0.159
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The E ffect of Gradient Upon Vehicle Fuel Consumption 
Introduction
This Chapter describes tests undertaken to determine the e ffec ts  
o f  ro a d  g ra d ie n t  upon ve h ic le  fu e l consum ption . The basic
equa tions of motion of a vehicle are described, and the reason 
fo r  the increase in fuel consumption on a gradient is explained. 
The tes ts  c a r r ie d  ou t to  evaluate vehicle fuel consumption on 
gradients are then discussed.
Sec tion  8.2 exam ines the the power consumption of a vehicle 
t r a v e l l in g  on a road, and fo r a constant speed this is shown to 
be d i r e c t ly  re la te d  to  the g ra d ie n t  on wh ich the vehicle is
t r a v e l l i n g .  The v a r ia t i o n  o f the e f f ic ie n c y  o f  an in te rn a l  
com bustion engine w ith  power output is then discussed, and this 
ind ica tes  that the engine is most e f f ic ien t when operating at a 
cons tan t  power o u tp u t .  V a r ia t io n  in power output reduces the 
e f f ic ie n c y  of the engine compared w ith  a constant output fo r  the 
same mean power. Thus a vehicle trave ll ing  on an undulating road 
is less e f f ic ien t  than a vehicle operating on a level road.
Sec tion  8.3 describes the tes ts  undertaken  as p a r t  o f  t h is  
research  to  q u a n t i fy  the v a r ia t io n  in vehicle fuel consumption 
on g r a d ie n t s .  T e s ts  w e re  c a r r i e d  o u t  u s ing  th r e e  ca rs ,
com m erc ia l vehicles were not tested as data described in section
8.4  was c o n s id e re d  su i ta b le  fo r  th is  research . These te s ts  
showed a cons is te n t re la t io n sh ip  between fuel consumption and 
g r a d ie n t ,  and i t  was p o s s ib le  to  a c c u ra te ly  descr ibe  th is  
relationship w ith  a simple quadratic equation.
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F inally , section 8.4 describes the data  ob ta ined  fo r  the  fu e l 
consum ption  o f goods vehicles on gradients, this data was also 
fo u n d  to  c lo s e ly  f i t  a q u a d r a t i c  e q u a t io n  r e l a t i n g  fu e l  
consumption to gradient.
The Power Consumption of a Vehicle on a Gradient
In  o rd e r  to  i n v e s t i g a t e  th e  e f f e c t s  o f  h ig h w a y  v e r t i c a l  
a l ig n m e n t  design changes upon the operating energy costs of a 
h ighw ay , a know ledge o f the relationship between road p ro f ile  
and ve h ic le  energy consum ption  is needed. The energy being 
c o n s u m e d  by a v e h ic le  t r a v e l l i n g  a lo n g  a ro a d  w i l l  be 
p roport iona l to the power being developed by the engine. Where 
the  v e h ic le  is t rave ll ing  at a steady speed, the force required 
to propel the vehicle w i l l  be:-
Ra
Mgsin oc*
Rr
o c
* Mg
Tract ive  E f fo r t  E = R r + Ra + m . sinoc.
Where Rr is the ro ll ing resistance,
Ra is the a ir resistance, 
m is the vehicle mass, 
g is the gravita tional constant, 
and oc is the angle of the gradient.
For a steady speed s ta te ,  the ro l l in g  res is tance  and the  a i r  
res istance w i l l  be constant, therefore the power being developed 
a t any t im e  w i l l  be proportional to the gradient on which the 
vehicle is travelling.
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The fuel consum ption  o f the veh ic le  w i l l  be re la te d  to  the 
pow er, bu t the e x a c t  fo rm  o f the re la t io n s h ip  between fuel 
consumption and power w i l l  depend upon how the e ff ic iency of the 
engine and transmission of the vehicle vary w ith  the power being 
o u t p u t .  Webb (1) shows th a t  the e f f i c ie n c y  o f  an in te rn a l  
combustion engine generally increases w ith  power output and only 
reaches a m ax im um  near the peak o f the power curve. The 
e f f i c ie n c y  curves given by Webb are typ ica lly  of the fo llow ing 
fo rm :-
Eb
Ed
Ec
Ea
See Corrigenda Page C.2
PbPa Pd
shape o f the curve  im p l ie s  th a t  a ve h ic le  developing a 
c o n s ta r itv ^o w e r  output w i l l  be working more e f f ic ie n t ly  than one 
w i th  a vary in^s^ow er output. For example a vehicle working for 
h a l f  the t im e  w ith  a ^ ^ w e r  Pa and an effic iency Ea, and fo r  the 
remaining t im e w ith  a powerNRb and an effic iency Eb, w i l l  have a 
mean e f f i c ie n c y  o f Ec, w.hereas'ss^vehicle developing the same 
average power Pd at a steady state w ilrT ra^e  a higher e ff ic iency 
o f  Ed. Therefore a vehicle trave ll ing  at a steatfy^speed w i l l  be 
a t i ts  m ost e f f ic ie n t  on a level road, as ascents antK^escents 
w i l l  cause the power output to vary and the e ff ic iency to 
T h is  e f f i c i e n c y  c u rv e  r e la t e s  s p e c i f i c a l l y  to  an in te rn a l  
com bustion  engined vehicle, as used on roads today, Appendix 2 
c o m p a re s  th is  w i th  the e f f i c ie n c y  curve  of an e le c t r i c a l l y  
powered vehicle.
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This research examines modern major roads, fo r  which g rad ien ts  
are normally 4 percent or less, and the maximum gradient used in 
th is  research  is 5 pe rcen t (see Chapter 9). Dawson (2) shows
th a t  the speeds of modern cars are l i t t le  a ffected by gradient 
va lues o f less than 5 percent (see Chapter 5), and the Highway 
C a p a c i ty  M anual (3) and O 'F la h e r ty  (4) bo th  s ta te  th a t  car
speeds are l i t t l e  a f fe c te d  by g rad ien ts  o f  up to  7 percent.
There  may be some v a r ia t io n  in veh ic le  speed due to driver 
behav iou r,  bu t the re  is no da ta  ava ilab le  that quantifies this
(see Chapter 3). Therefore i t  has been assumed for this research 
t h a t  ca rs  w i l l  be t ra v e l l in g  at a cons tan t speed over the
a l ig n m e n ts  exam ined . The speed o f heavy ve h ic le s  w i l l  be 
a ffec ted  by gradient, and this is discussed in section 8.4
Thus fo r  this research the speed of cars can be cons idered  as
c o n s t a n t ,  i r r e s p e c t i v e  o f  g r a d ie n t ,  and th u s  th e  f u e l
consum ption  of cars w i l l  be d irec t ly  related to the gradient of
the road.
The tw o  m ost re ce n t major studies of the e ffec ts  of gradient
upon fue l consumption are Everall (3) and C la ffey  (6), and these 
are rev iew ed  in C h a p te r  3. This review shows that neither of 
these re p o r ts  g ive da ta  fo r  cars wh ich  is cons idered  to be
s u i t a b le  f o r  use in  th is  s tudy . T h e re fo re  tes ts  have been
unde rtaken  as p a r t  of this research to quantify the e ffec ts  of
road g ra d ie n t  upon the fu e l  consumption of cars trave ll ing  at
constant speed, and these are described in section 8.3.
The data supplied by C la ffey  fo r  goods vehicles was fe l t  to be
su ita b le  fo r  th is  research  (see paragraph 8.4). This data was 
not ideal, as the tests were undertaken w ith  U.S. vehicle types,
bu t  these veh ic les  were  th o u g h t  to  be su ff ic ien t ly  s im ilar to 
U .K .  goods veh ic les  fo r  the data to be used. Whilst i t  would 
have been preferable to carry out goods vehicle fue l consumption 
te s ts  as p a r t  o f  th is  research , the d i f f ic u l ty  and expense of
goods vehicle testing were beyond the scope of this project.
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8.3 Vehicle Fuel Consumption Tests
8.3.1 In troduction
The o b je c t iv e  o f these tes ts  was to  obtain data suitable fo r  
th is  research  re la t in g  the fu e l consumption of cars trave ll ing
on a modern major road to the gradient of the road. The tests
were  undertaken  using th re e  d i f f e r e n t  car types trave ll ing  at 
cons tan t  speed on a v a r ie ty  o f  g rad ien ts .  The vehicles were 
tes te d  a t three speeds, 80, 97, and 106 kph. These speeds were 
se lec te d  to represent the range of speeds encountered on major 
ru ra l  roads in the  U n ited  Kingdom. From the results of these
t e s ts ,  q u a d r a t i c  e q u a t io n s  w e re  d e v e lo p e d  r e l a t i n g  f u e l  
consumption to gradient.
8.3.2 Vehicles Tested
Three veh ic les  were tested to examine the relationship between 
road g ra d ie n t  and ve h ic le  fu e l  consumption at constant speed.
The cars tested were:-
Peugeot 304 Family estate.
Ford Escort Van (1100 cc.).
Austin Mini (850cc.).
These veh ic les  were selected to give a spread of vehicle size, 
w e ig h t ,  and engine size, and th e i r  p r in c ip a l  d im ensions are
g iven in ta b le  8.1. The th re e  veh ic les  gave a range o f fuel
consum ption  f ig u re s ,  and also gave d if fe ren t  fuel consumption 
increases due to g ra d ie n t .  The m ethods used to re la te these
th ree  veh ic les  to  the veh ic les  t ra v e l l in g  on U .K .  roads are
detailed in Chapter 9.
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8.3.3 Vehicle Testing Procedure
a) Selection o f Test Sites
The o b je c t iv e  was to  locate sections of road w ith  constant 
gradient where fuel consumption tests could be undertaken. As 
the in te n t io n  was to te s t  the veh ic les  at r e la t iv e ly  high 
speeds, the m ost l i k e ly  s ites  were on lo ca l m a jo r  ru ra l  
roads. Plans of sections of the A3 and M3 were obtained from  
the  lo c a l au thor it ies  responsible fo r these roads. From these 
plans su i ta b le  te s t  lo c a t io n s  were se lec ted . The fo llow ing 
points were considered when selecting gradient sites :-
A su ff ic ien t spread o f g rad ien ts  to  g ive a w ide  range o f 
results.
The le ng th  o f g ra d ie n t  to  be at least 500 metres to give 
s ignif icant fuel measurements.
Adequate run-up and r u n - o f f  d is tances to  enable a s teady  
speed to be maintained over the test section.
Test sections not to be on or near sharp curves.
Test sections to be away from junctions or other sources o f  
congestion.
Test sections to be on dual carriageway or motorway sections 
of road to m inimize interference from other t ra f f ic .
Six sections of road were selected which best met the above 
a t tr ib u te s ,  giving a spread of gradients from  0.44 percent to 
5.0 percen t. Three of the test sections were on the A3, and 
the other three were on the M3. Details of the test sections 
are g iven in tab le  8.2. The veh ic les  were tested in both
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ascending and descending d ire c t io n s  on a l l  the g rad ien ts ,  
although table 8.2 shows that fo r  the A3 sections there was 
som e s l i g h t  v a r ia t io n  be tween the g rad ien ts  o f  the tw o  
d i re c t io n s .  This d i f fe re n c e  was a l low ed for when analysing 
the results.
b) Identification of Test Sites
The selected test sections on the M3 were located from  the 
k i lo m e tre  marker posts along the edge o f the motorway. On the 
A3 lo c a l in form ation (e.g. services) was used to iden t ify  the 
te s t  sec t ions  and they  were then tem porari ly  marked w ith
t r a f f i c  cones on the edge of the road for sighting from  the 
passing vehicle.
c) Fuel Consumption Measurements
The veh ic le  being tes ted  was f i t te d  w ith  a Petrometa fuel
m e te r .  This is a p o s i t iv e  d isp la cem e n t dev ice  m easur ing
e i th e r  1/1000 or 1/2000 pa r ts  o f  an im p e r ia l  gallon. The
dev ice  conta ins  a fuel ce ll which is a lternate ly charged and
d is c h a rg e d  w i th  fu e l,  the vo lum e o f the c e l l  is 1 /2000  
gallon, and a counter simply measures the number of t imes the 
fuel ce ll is re fi l led .
A day was chosen when the weather was s t i l l  and dry, and the 
t r a f f i c  w o u ld  n o t  be exce ss ive  ( the  e f fe c t  o f  w ind  is 
discussed in paragraph 8.3 .6). The te s t  section was driven
severa l t im e s  to  f a m i l ia r iz e  the d r iv e r  and assistant w ith  
the g ra d ie n t  positions, and the technique required to keep a
steady speed. The fu e l coun te r was zeroed just before the
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te s t  sec t ion  and the d r iv e r  ca l led  as the m a rke rs  w e re  
passed, the  ass is tan t no t ing  the fuel reading at each call. 
The d iffe rence between the f i r s t  and last ca ll fo r each test 
section gave the fuel used for tha t section.
W h ils t  t ra v e rs in g  each tes t  sec t ion  the d r iv e r  k e p t  th e  
v e h ic le  t ra v e l l in g  a t the test speed w ith  as l i t t le  variation 
o f  the t h r o t t le  s e t t in g  as possible. Any tests where speed 
had to  be altered because of interference from  other t ra f f ic  
w ere  d iscarded. The runs were in it ia l ly  repeated tw ice, but 
w i th  expe rience  th is  was not found to be necessary on the 
long te s t  sections on the M3, where there was l i t t le  or no 
v a r i a t i o n  in  th e  r e s u l t s  f o r  each s e c t io n .  T h is  was 
p a r t i c u l a r l y  u s e fu l  on the M3 as the d is tance  between 
ju n c t io n s  m eant th a t  each passage over the te s t  sections 
involved a considerable length of journey and time.
d) Results
The fu e l coun te r  results for each vehicle trave ll ing  at each 
speed over each of the test sections was averaged to give a 
s ing le  value. This value was converted from 1/2000 parts of a 
ga l lon  to  l i t r e s ,  and d iv ided  by the test section length to 
g ive  a fu e l consumption in l i tres  per k ilometre. These f ina l 
re su lts  are shown in Tables 8.3 to 8.3, and figures 8.1 to 
8.3.
The resu lts  show a steady increase in fuel consumption w ith  
in c reas ing  gradient. The Mini and the Escort were unable to 
m a in ta in  speed on the steeper gradients at the higher speeds, 
as can be seen from  the tables and figures, the M ini being 
unable to  maintain speed on a gradient as low as 2.6 percent 
at 106 kph.
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There is ve ry  l i t t l e  v a r ia t io n  in the re s u l t s ,  and i t  is 
p o s s ib le  to  f i t  a s m o o th  c u rv e  to  th e  r e s u l t s  v e ry  
a c c u ra te ly ,  th is  being discussed in section 8.3.3. The small 
am ount o f  v a r ia t io n  in the results indicated by the figures 
and the curve  f i t t i n g  process suggests that the techniques 
u s e d  f o r  t h e  f u e l  c o n s u m p t io n  t e s t  w e re  g e n e r a l l y  
s a t i s f a c t o r y .  The n e x t  s e c t io n  d iscu sse s  the  prob lem s 
assoc ia ted  w i th  the vehicle testing procedure that may have 
produced the small variations apparent in the results.
8.3.4 Vehicle Testing -  Problems Affecting Results
a) Identification of Test Length
Test sec t ion  id e n t i f ic a t io n  on the M3 was satis factory using 
the m arker posts along the edge of the carriageway. On the A3 
th e  s e c t io n s  were id e n t i f ie d  using lo c a l d e ta i ls  such as 
ju n c t io n s ,  se rv ices , and laybys, and m a rk ing  these w ith  a 
t ra f f ic  cone, and this was fe l t  to be less reliable.
b) Accuracy of Plans
For g re a te r  accuracy the A3 test sections were checked by 
m e a s u r e m e n t .  The d is tances were checked by e le c t ro n ic  
measuring equipment, and the gradients by measuring the angle 
o f  slope w i th  a th e o d o l i te .  For safety reasons such checks 
were  not possible on the M3 so the accuracy of the plans was 
w h o l ly  re l ie d  upon. The leng ths  o f the M3 sections were 
greater, and i t  was hoped that any errors in the marker post 
s i t in g  were sm a ll ,  so th a t  the percentage error in section 
length would not be s ignif icant.
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e) Weather Conditions
Early  tests in the Peugeot indicated the great e f fe c t  of wind 
upon the  te s t  re su lts  (see paragraph 8 .3 .6). I t  was also 
considered tha t rain was l ike ly  to a f fe c t  the results, due to 
the  w a te r  pumping action required from the tyres on a wet 
road su r face , the e le c t r ic a l  load of the windscreen wipers, 
and possib ly  also the head ligh ts .  Heavy spray from  goods 
veh ic les  on the m otorway test sections would probably have 
m ade in d e n t i f i c a t io n  o f the m a rke r  posts ve ry  d i f f i c u l t .  
T h e re fo re  days were chosen tha t were s t i l l  and dry, but some 
v a r i a t i o n  in  t e m p e r a t u r e  and h u m id i t y  c o n d i t io n s  was 
unavoidable.
The S oc ie ty  o f  A u to m o t iv e  Engineers (8) s ta te  th a t  fu e l  
e c o n o m y  w i l l  ch a n g e  by 0.8 p e r c e n t  fo r  a 10 degree 
( f  ah ren he it )  te m p e ra tu re  change, economy inc reas ing  w i th  
r i s in g  t e m p e r a t u r e .  I t  is e s t im a te d  th a t  the  m ax im um  
tem pera ture  d ifference during the tests would have been 20 to 
30 degrees, g iv ing  an o v e ra l l  fuel economy change of only 
about 2 percent. No data has been found evaluating the e f fe c t  
o f humidity upon vehicle fuel consumption.
d) Road Geometry
On the M3 the te s t  sec t ions  had l i t t l e  or no ho r izo n ta l 
curvature, but there was some curvature on one of the A3 test 
s e c t io n s .  The data  g iven by C la f fe y  (6) shows th a t  th is  
c u r v a t u r e  was not s u f f i c ie n t  to s ig n i f ic a n t ly  a f f e c t  the  
measurements.
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e) Traffic  Conditions
Resu lts  where the progress of the test vehicle was affected 
by o ther t ra f f ic  were discarded. For some tests on the M3 the 
m a rk e r  post was obscured by heavy goods vehicles so either
the nex t post ( i f  s ta r t in g  the test section) or the previous 
post ( i f  ending the te s t  sec t ion )  was used and the result 
c o r re c te d  a c c o rd in g ly .  I t  was n o rm a lly  possible to predict 
f ro m  the vehicle speeds i f  the post was going to be obscured, 
hence the ab il i ty  to use the preceding post.
f) Vehicle Condition
The veh ic le  was operated for at least 30 kilometres before
commencing the tests and was thus always in a fu l ly  warmed-up 
s ta te .  No accessories such as heaters or lights were used, 
and no extra load was carried. The vehicles had recently  been 
serv iced and no a lteration was made to them during the course 
o f  the tests. There would be some slight varia tion in vehicle 
w e ig h t  due to fuel usage. The maximum variation was l ike ly  to 
have been in the  M in i ,  and the variation in weight o f the 
Mini w ith  fuel usage was estimated to be about 3 percent.
g) Fuel Meter
On the  short steep downhill test sections of the A3 the fuel 
coun ts  were as sm a ll as 8 pulses (1 /1000 gallon). Thus a
diffe rence of one pulse between tests would give a change in
fu e l  consumption of greater than 10 percent. On these short 
sec t ions  runs were repea ted  severa l t im es and an average
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calculated. As these sho r t  te s t  sect ions were  on the A3, 
where tu rn in g  the vehicle did not involve excessive mileage 
be tw een te s t  runs, repeating runs was not found to be a great 
problem.
h) Vehicle Driving
Where there were changes between the approach gradient to the 
te s t  sec t ion  and the te s t  section gradient some experience 
was required in order to keep the vehicle speed constant w ith  
on ly  s l ig h t  changes in the  th ro tt le  position. This was most 
n o t ic e a b le  on the A3 where the g rad ien ts  changed more 
rapidly.
The ve h ic le  speedometers were calibrated over a distance of
1.6 k i lo m e tre s  on the M3 using a s topwatch. I t  was thus 
possib le to  c a lc u la te  the speed that should be indicated on 
the speedom eter fo r  the required test speed. As i t  was not 
p o s s i b l e  f o r  th e  d r i v e r  to  o b s e rv e  th e  s p e e d o m e te r  
co n t in u o u s ly ,  there were some slight variations in speed due 
to  the drivers attention being occupied by other t ra f f ic ,  but 
these were small (w ith in  + or - 3 kph).
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.3 Analysis of Results
The fuel counts fo r each speed, vehicle and gradient combination 
w e re  a v e ra g e d  and a co n s u m p t io n  in l i t r e s  per k i lo m e tre  
produced, these re su lts  being shown in tables 8.3 to 8.5 and 
f ig u re s  8.1 to  8.3. In order to calculate the fuel consumptions 
fo r  these vehicles over the alternative road alignments produced 
f o r  t h is  re s e a rc h ,  an e q u a t io n  was requ ired  re la t in g  fu e l
consumption to gradient fo r each vehicle and speed.
The form  of this equation was found by using a computer program 
to f i t  a lternative types of curve to the data from the tests for 
the Peugeot a t each speed. This showed that a satis factory 
curve could be f i t te d  of the fo rm :-
Fuel consumption = a + b.g + c.g2
where 'g* is gradient,
and 'a1, 'b1, and 'c' are constants.
L o n g e r  p o ly n o m ia l  e q u a t io n s  w e re  a lso  f i t t e d ,  b u t  t h e  
im provement in f i t  resulting from  using more terms was found to 
be negligible.
T h is  type  o f  equa tion  has been found by o the r  au thors to  
adequately explain the relationship between fuel consumption and 
g r a d ie n t .  A q u a d r a t i c  e q u a t io n  o f e x a c t ly  th is  fo rm  was
developed by Doyen (7) from  fuel consumption data summarised
f ro m  a number of sources. Jessop (9) also produces a quadratic 
equation re lating fuel consumption to gradient based on the data 
produced by Howe (10) fo r  goods vehicles. A sim ilar equation is 
also used by COBA (11), using h i l l iness  instead o f g rad ien t
values, this being developed from the data presented by Everall 
(5).
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Thus a relationship of this form was produced fo r  each veh ic le  
and speed c o m b in a t io n ,  using regression analysis. The equations 
produced and the c o r re la t io n  c o e f f ic ie n ts  are g iven in table 
8 .6. These curves and the da ta  to which they are f i t te d  are 
shown in f ig u re s  8.1 to  8.3. The c o r re la t io n  coeff ic ients are 
g en e ra l ly  ve ry  high, showing both the consistency of the data 
and the accu racy  w i th  wh ich  the s im p le  qu a d ra t ic  equa tion  
exp la ins the e f fe c ts  of gradient upon v e h ic le ‘ fuel consumption. 
The lo w e s t  c o e f f i c i e n t  o f  d e te rm in a t io n  is 0.88, and the 
re m a in in g  c o e f f ic ie n ts  o f  d e te rm in a t io n  are a l l  g re a te r  than 
0.93.
A s ta t i s t i c a l  te s t  was undertaken  to evaluate the significance 
o f the g rad ien t  squared terms in the regression equations. This 
te s t  was carried out fo r  the Peugeot at 106 kph, the Escort at 
97 kph, and the Mini at 80 kph, as these were the equations tha t 
were used for most of the energy calculations (see Chapter 9). 
The gradient squared terms fo r the M ini and Escort were found to 
be s ig n i f ic a n t  a t the 1 percent level, and for the Peugeot at 
the 3 pe rcen t le v e l.  This would be expected as the gradient 
squared te rm  is rather smaller fo r  the Peugeot than the other 
veh ic les , due to  the f l a t t e r  cu rve , which in turn is probably 
due to the higher power to weight ra t io  of the vehicle.
The author has used these equations, and the maximum g rad ien t on 
wh ich  the veh ic le  could maintain a steady speed, to calculate 
the m ax im um  power o f the three vehicles, this is explained in 
Appendix 3.
The results of these tests are compared w ith  the the data from 
E v e ra l l  in f ig u re  8.4. This shows the percent increase in fuel 
consum ption  f ro m  the le ve l road value due to ascending and 
descending a gradient. The data used to produce these curves was 
f ro m  the tes ts  undertaken at 80 kph, as this was the closest
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speed to the low speeds used by Everall. W hilst the data shows a 
s im i la r  in c re a s e  to  E v e ra ll fo r  the  s teeper g ra d ie n ts , the 
a u tho r's  da ta  in d ic a te s  tha t shallower gradients have a greater
e ffe c t upon fue l consumption than is indicated by Everall.
8.3.6 The E ffect of Wind Upon Fuel Consumption
Some tests were carried out on the M3 in windy conditions using 
the  P eugeot. One series were w ith  an easterly wind and the 
o th e rs  w i th  a w e s te r ly  w ind . As the te s t sec tions  on the 
m o to rw a y  run approxim ately east to  west these results were sp lit 
up to  give two sets o f results, one w ith  a headwind and one w ith  
a fo llo w in g  w ind . These fig u re s  are c le a r ly  a p p ro x im a te , as 
n e ith e r the  wind ve loc ity  nor the wind d irection  was measured. 
They are inc luded  here to  i l lu s t ra te  ra ther than quantify  the 
e ffec ts  o f wind upon fue l consumption.
The results are p lo tted in figu re  8.5 , w ith  the  da ta  fo r  s t i l l  
conditions (a ll the tests being at 106 kph). I t  can be seen tha t
the  e f fe c t  o f a headw ind can cause the fuel consumption to 
increase  by 40 percent of the s t i l l  figure , and 100 percent of 
the fo llow ing wind figure.
8.4 Goods Vehicle Fuel Consumption
Goods v e h ic le  fu e l consumption is more complex than car fue l 
consum ption , as goods vehicles are more d if f ic u lt  to test, and 
th e re  are large variations i f  fue l consumption due to changes in 
gross v e h ic le  w e ig h t. The nex t sec tion  looks b r ie f ly  a t the
p ro b le m  o f gross v e h ic le  w e ig h t, and the  fo llo w in g  se c tio n  
discusses the goods veh ic le  fue l consumption data used in this
research.
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.1 E ffe c t o f Gross Vehicle Weight
A num ber o f studies have been undertaken at the Transport and 
Road Research Laboratory in to  goods vehicle fue l consumption in 
the  United Kingdom. These studies indicate the large e ffe c t tha t 
gross vehicle weight has on fue l consumption, and in two cases 
indicate typ ica l load facto rs  fo r goods vehicles.
Gyenes (12) in d ic a te s  a l in e a r  r e la t io n s h ip  b e tw e e n  g ross  
ve h ic le  w e ig h t and goods v e h ic le  fue l consumption, and shows 
th a t  a fu lly  laden vehicle may use 80 percent more fue l than an 
unladen vehicle on a ru ra l road. He also analyses survey data to 
calcu la te a mean load fa c to r o f 53 percent fo r  goods vehicles.
S im ilar increases in fue l consumption w ith  gross ve h ic le  w e ig h t 
are shown by R enouf (13), undertaking a computer sim ulation, 
Simm ons (14), exam in ing  goods veh ic le  testing procedures, and 
W illia m s , Simmons and Jacklin  (15), who undertook various tests 
and also analysed data from  Com m ercial M otor magazine. These 
re p o rts  show increases o f about 50 percent fo r a fu lly  laden 
heavy v e h ic le , Simmons giving an average speed decrease o f 6 
percent fo r a fu lly  laden vehicle.
Nelson and Underwood (16) present the usage of a goods v e h ic le  
over a two year period. They develop a linear equation re la ting  
fu e l consumption to gross vehicle weight, and show tha t vehicle 
w e ig h t exp la ins  about 50 p e rce n t o f the  v a r ia t io n  o f goods 
vehicle fue l consumption. Nelson and Underwood also examine the 
load condition of the vehicle, and calculate a mean load fa c to r 
o f 48 p e rc e n t. They also note tha t the vehicle was tra ve llin g  
unladen fo r  30 pe rcen t o f the  t im e , and fu lly  laden fo r 22 
p e rce n t o f jou rneys . Whether these percentages were ca lcu la ted 
on a journey or mileage basis is not clear.
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S u m m a ris in g  th e s e  r e p o r ts ,  g ross  v e h ic le  w e ig h t  has a 
s ig n if ic a n t  e f fe c t  on goods v e h ic le  fu e l consum ption, a fu lly  
laden veh ic le  typ ica lly  using 50 to 80 percent more fue l than an 
unladen v e h ic le . Two separate sources suggest an average load 
fa c to r fo r a goods vehicle o f about 50 percent.
.2 Fuel Consumption Data
i
The da ta  supp lied  by E v e ra ll (5) fo r  com m ercial vehicle fue l 
consum ption  was not considered suitable fo r this report fo r the 
re a so n s  discussed in  C h a p te r 3. C la f fe y  (6) g ives da ta  fo r  
d iese l pow ered goods vehicles of s im ila r weights to those used 
in  th is  coun try . The data is presented as a mean of the tests
fo r  an unladen vehicle and a laden vehicle, so as to represent a 
t y p ic a l v e h ic le  m aking  a one way laden on ly  jo u rn e y . This 
techn ique  produces a mean load fa c to r  o f 50 percent, which
c o rre s p o n d s  to  th e  lo a d  fa c to rs  discussed in  the  p rev ious  
se c tio n . The tw o  ve h ic le s  examined were a two axle six tyre  
t ru c k  and a t ra c to r  and sem i t ra i le r  com bination (a rticu la ted) 
o f mean gross ve h ic le  w e igh ts  o f 12 000 lb and 45 000 lb 
re sp e c tive ly . This compares w ith  mean weights o f 17 000 lb and 
43 000 lb fo r two U .K  goods vehicles tested by Everall.
Tab le  8.7 shows the  da ta  supp lied  by C la f fe y  fo r  the  fu e l 
consumption o f these vehicles on gradients o f -5 to +5 percent,
and maximum speeds o f 64 and 80 kph, the actual speeds achieved 
on the  ascending grades are also shown. The 64 kph figures have 
been averaged fo r ascent and descent and are shown in figure 8.6 
w i th  th e  e q u iva le n t da ta  fro m  E v e ra ll.  This i l lu s tra te s  the
b a s ic  s im i la r i t y  b e tw e e n  th e  tw o  sets o f da ta  fo r  goods 
vehicles.
Page 8.18
Chapter 8
The E ffe c t o f Gradient Upon Vehicle Fuel Consumption
As a quadratic equation was found to a c c u ra te ly  f i t  the data  
produced fo r  cars, s im ila r  equations have been f it te d  to the 
data from  C la ffe y  fo r each speed and vehicle combination, o f the 
fo rm :-
Fuel consumption = a + b.g + c.g^
where 'g1 is gradient,
and 'a1, 'b1, and 'c' are constants.
The regression equations and the  c o r re la t io n  c o e f f ic ie n ts  fo r  
the two goods vehicles at the two speeds are shown in table 8.8. 
The ’ equations again have very high corre la tion  coe ffic ien ts , and 
the  lo w e s t c o e f f ic ie n t  o f de te rm ina tion  is 0.95, ind ica ting the 
accu racy  o f f i t  o f the  q u a d ra tic  equ a tion . A s ta tis tica l test 
was undertaken  fo r  the  tw o  veh ic le s  a t 80 kph (the  speed 
g e n e ra lly  used in  th is  research ), and th is  showed th a t the 
g ra d ie n t squared term  was s ign ifican t at the 1 percent level fo r 
both vehicles.
These equa tions assume th a t the  vehicle w ill be trave lling  at 
th e ir  m axim um  steady s ta te  speed (up to the maximum speed 
quo ted ) on any p a t ic u la r  g ra d ie n t, th e re fo re  the  e f fe c ts  o f 
d e c e le ra tio n s  to  c ra w l speed on upgrades, and accelerations to 
n o rm a l runn ing  speed on downgrades w i l l  be igno red . I t  is 
co n s id e re d  th a t the  energy gained fro m  d e c e le ra tio n  on up 
g ra d ie n ts  w i l l  be o f fs e t  by the extra energy used accelerating 
back to  no rm a l running speed on the downgrade, there fo re  the 
speed chan ges  s h o u ld  n o t have  a g re a t e f fe c t  upon fu e l 
consum ption. I t  is expected tha t the fue l consumption may be an 
underestim ate due to the lower speed tha t this method w ill give 
on ascending gradients, as no allowance is made fo r the momentum 
of vehicles providing higher speeds a t the s ta rt o f grades.
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There is in s u f f ic ie n t  da ta  a v a i la b le  on speed chan ges  o f 
c o m m e rc ia l ve h ic le s  on g ra d ie n ts  to  c a lc u la te  speeds m ore 
p re c is e ly .  D e c e le ra tio n  curves are a va ila b le  fo r  c o m m e rc ia l 
ve h ic le s  on upgrades, but not the equivalent acceleration curves 
on downgrades. This is because the deceleration of com m ercial 
ve h ic le s  is an im p o rta n t aspect when cons ide rin g  lengths of 
upgrades and provision o f craw ler lanes.
Concluding Remarks
The fu e l c o n s u m p tio n s  o f ro a d  ve h ic le s  are increased  by 
g ra d ie n t, due to  the varia tion of the e ffic iency of an in terna l 
com bustion  engine w ith  power output. Neither of the two recent 
r e p o r ts  e v a lu a t in g  th e  e f f e c t  o f  g ra d ie n t  upon the  fu e l 
consum ption of road vehicles provides data fo r cars suitable fo r 
th is research.
Tests were undertaken as part of this research to provide data 
fo r  the  fue l consumption o f cars on gradients. This data showed 
a clear and consistent relationship between fue l consumption and 
g ra d ie n t. F rom  the  re s u lts  o f these te s ts  quadratic equations 
have been developed re la ting  the fue l consumptions o f the cars 
to  g r a d ie n t ,  and th e s e  e q u a tio n s  f i t  the  te s t da ta  ve ry  
accurate ly.
S im i la r  q u a d ra t ic  equations have been deve loped fo r  gocfds 
v e h ic le s , using da ta  fro m  a re p o r t exam in ing vehicles in the 
U .S .A ., these goods veh ic le s  hav ing  s im ila r  cha racte ris tics  to 
those in the United Kingdom.
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TABLE 8.1
Principal Dimensions of Test Vehicles
Vehicle Weight
(kg)
Power
(kw)
Engine
size
Length
metres
Width
metres
Height
metres
Austin Mini 615 25.4 848cc 3.05 1.41 1.35
Ford Escort Van 955 35.0 1097cc 4.06 1.57 1.59
Peugeot 504 1327 71.6 1971cc 4.80 1.68 1.55
TABLE 8.2
Details of Fuel Consumption Test Sites
Percent
Gradient
Location
(road)
Length
(metre
-5.072 A3 500
-3.748 A3 500
-3.0 M3 900
-2.656 A3 500
-1.2373 M3 800
-0.442 M3 1600
0.442 M3 1600
1.2373 M3 800
2.607 A3 500
3.0 M3 900
3.721 A3 500
5.103 A3 500
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TABLE 8.3
Results of Fuel Consumption Tests for Peugeot 504 
Gradient Fuel Consumption - litres per kilometre
80 kph 97 kph 106 kph
-5.072 0.03527 0.04389 0.05078
-3.748 0.04319 0.05152 0.06478
-3.0 0.04546 0.05304 0.06146
-2.656 0.05198 0.06098 0.07263
-1.2373 0.06251 0.06535 0.07766
-0.4420 0.07245 0.07387 0.08476
0.4420 0.07529 0.08382 0.09281
1.2373 0.09376 0.09945 0.10418
2.607 0.10534 0.11088. 0.12363
3.0 0.10860 0.11113 0.12291
3.721 0.11593 0.12123 0.12729
5.103 0.13166 0.13793 0.14694
TABLE 8.4
Results of Fuel Consumption Tests for Ford Escort Van 
Gradient Fuel Consumption - litres per kilometre
80 kmph 97 kmph 106 kmph
-5.072 0.03135 0.04075 0.05016
-3.748 0.03940 0.05455 0.05455
-3.0 0.04546 0.05388 0.06061
-2.656 0.04805 0.05729 0.07022
-1.2373 0.06251 0.07766 0.08524
-0.4420 0.06251 0.07482 0.08240
0.4420 0.07387 0.09566 0.11081
1.2373 0.07956 0.09282 0.11933
2.607 0.09979 0.12566 0.13860
3.0 0.10607 0.13133 —
3.721 0.12123 0.13866 —
5.103 0.13793 — —  .
Chapter 8
The E ffe c t o f Gradient Upon Vehicle Fuel Consumption
Results of 
Gradient
-5.072
-3.748
-3.0
-2.656
-1.2373
-0.4420
0.4420
1.2373
2.607
3.0
3.721
5.103
TABLE 8.5 
Fuel Consumption Tests for Mini 850 
Fuel Consumption - litres per kilometre 
80 kmph 97 kmph 106 kmph 
0.03762 
0.04546 
0.04378 
0.05544 
0.05872
0.03762
0.03864
0.03536
0.04297
0.05114
0.05020
0.06346
0.06061
0.08455
0.08250
0.09092
0.05777
0.07387
0.07009
0.08870
0.04702
0.05455
0.05220
0.05960
0.07387
0.06630
0.08382
0.07956
TABLE 8.6
Regression Equations for Fuel Consumption Data for Cars 
Fuel consumption= a + b.g + c.g2 where g is gradient
and a, b, and c are constants
Vehicle Speed
kph
'a' 'b' 'c' Corr. 
Coeff.
Mini 850 80 0.055891 0.0072646 0.00068113 0.9850
Mini 850 97 0.065837 0.0070638 0.00034435 0.9678
Mini 850 106 0.075083 0.0060178 0.000056888 0.9375
Escort Van 80 0.069742 0.010366 0.00062015 0.9971
Escort Van 97 0.085517 0.012116 0.00072828 0.9908
Escort Van 106 0.098112 0.014156 0.00086163 0.9881
Peugeot 504 80 0.075703 0.0098445 0.00029090 0.9965
Peugeot 504 97 0.080639 0.0094878 0.00039889 0.9955
Peugeot 504 106 0.090924 0.0093685 0.00034065 0.9940
Note th a t regression analysis is based on mean fue l measurement fo r each gradient
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Vehicle
Type
2 Axle
6 Tyre
TABLE 8.7
Diesel Goods Vehicle Fuel Consumption
Gradient Maximum 64 kph Maximum 80 kph
Tractor & 
Semi Trailer
Speed Fuel Speed Fuel
-5 64 0.04502 80 0.06068
-4 64 0.04968 80 0.07198
-3 64 0.06365 80 0.09267
-2 64 0.07917 80 0.11526
-1 64 0.11022 80 0.14395
0 64 0.12730 80 0.16159
1 64 0.18046 80 0.21404
2 64 0.23545 64 0.23545
3 48 0.26626 48 0.26626
4 48 0.33212 48 0.33212
5 48 0.40951 48 0.40951
-5 64 0.06398 80 0.06727
-4 64 0.06398 80 0.06727
-3 64 0.10396 80 0.15971
-2 64 0.14555 80 0.22040
-1 64 0.20473 80 0.27591
0 64 0.26071 80 0.32789
1 64 0.43491 64 0.43491
2 64 0.59180 64 0.59180
3 48 0.72747 48 0.72752
4 32 0.86159 32 0.86159
5 32 1.01495 32 1.01495
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TABLE 8.8
Regression Equations for Fuel Consumption Data for Goods Vehicles 
Fuel consumption3 a + b.g + c.g2 where g is gradient 
and a. b. and c are constants
Vehicle Speed
(Max)
2 Axle
6 Tyre 64
2 Axle
6 Tyre 80
Tractor &
Semi Trailer 64
Tractor &
Semi Trailer 80
'a1 * b *
0.15314 0.035843
0.16586 0.032871
0.31080 0.099386
0.35750 0.095646
1c ' Corr.
Coeff.
0.0019489 0.9745
0.0025366 0.9957
0.009386 0.9970
0.0074241 0.9981
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Introduction
T h is  C h a p te r describes the  m ethods used to  u n d e rta ke  th is  
research.
The objective o f this study is to investigate the e ffe c ts  o f the 
design o f the  v e r t ic a l a lig n m e n t o f a road upon the overa ll 
energy cost o f tha t road. The overa ll energy cost is considered 
to  be the sum o f the energy used constructing the earthworks o f 
the  road, and the  energy used by vehicles operating over the 
road du rin g  its  l i f e .  The energy cos t o f the construction  o f 
s t r u c tu r e s  and s u r fa c in g  a re  n o t c o m p a re d , as th e y  are 
c o n s id e re d  to  be f ix e d  c o s ts  u n a f fe c te d  by the  v e r t ic a l 
a lignm ent design (see Chapter 7).
The d e s c r ip t io n  o f  th e  a n a ly s is  u n d e r ta k e n  is in  th re e  
co n se cu tive  sec tions . Section 9.2 describes how a lte rna tive  road 
v e r t ic a l alignment designs were produced by the HOPS programs 
fo r  each o f the ground pro files  described in Chapter 4. For each 
o f  these a lte rn a tiv e s  one or m ore o f the  design constra in ts  
described in Chapter 5 was altered.
Section 9.3 describes how the energy costs o f c o n s tru c tin g  th e  
earthworks fo r  each design were then calculated using the output 
f ro m  the  HOPS p rog ram  M IN E R V A  and the data described in 
Chapter 7.
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9.2
9.2.1
F in a lly  se c tio n  9.4 describes how the energy costs o f operating 
v e h ic le s  over each a lig n m e n t w ere produced fro m  the  fu e l 
consumptions presented in Chapter 8, estim ates o f proportions of 
v e h ic le  types and annual vehicle flows, and an expected li fe  fo r
the  road. The results of this analysis are presented in Chapter
IP .
S e ction  9.5 b r ie f ly  discusses how the energy costs examined in 
th is  research  re la te  to  the  to ta l costs  o f c o n s tru c tin g  and 
operating a road.
Production of Alternative Vertical Alignments 
Alternative Design Standards
In o rde r to  e va lua te  the e ffects  o f d iffe re n t design standards, 
a lte rn a tiv e  road designs were produced w ith  one design standard 
being varied w h ils t the others were held constant.
Chapters 2 and 3 have reviewed lite ra tu re  th a t  in d ic a te s  th a t
the  g ra d ie n t o f a road is the ve rtica l alignment design fea ture  
th a t  has the most s ign ifican t e ffe c t upon the operating costs o f 
ro a d  v e h ic le s .  C h a p te r  5 d iscu sse s  th e  d e s ig n  s tandards  
c o n t r o l l in g  th e  design o f '  h ighw ay v e r t ic a l a lig n m e n ts , and 
in d ic a te s  th a t  th e  m a x im u m  g ra d ie n t  was chosen ra th e r
a r b it r a r i ly ,  b u t is now tre a te d  w ith  more f le x ib ilty  than was 
the  case when this research commenced. The road gradient w ill 
also a f fe c t  the  fu e l costs  o f the  vehicles operating over the 
road d ire c t ly ,  whereas the  o th e r s tandards generally have an 
in d ire c t  e f fe c t  upon v e h ic le  fue l consumption produced by the 
e f fe c t  tha t the standards have upon gradient. When this research
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was s ta rted  i t  was considered tha t the maximum gradient standard 
o ffe re d  the  g re a te s t scope fo r  change, and thus designs w ith  
v a ry in g  g ra d ie n ts  w ere produced fo r  a ll the  ground p ro file s  
examined in th is research.
The constra in ts  upon com puter tim e and resources meant th a t i t
was not possib le  to  produce designs fo r the other road design 
changes exam ined in  th is  research fo r a ll the ground profiles. 
Thus fo r  the  re m a in in g  te s ts , groups o f three ground pro files  
w ere  used, the  th re e  p ro files  being selected to give one each 
w ith  h igh , low , and average hilliness values. The mean hilliness 
o f  the  th re e  p ro f ile s  was s im ila r to the mean hilliness o f a ll 
th e  p r o f i le s ,  and th u s  i t  was a n tic ip a te d  th a t  the  th re e  
p ro f ile s  w ou ld  produce s im ila r results to those th a t would have 
been produced by using a ll the profiles. In some cases the three 
p ro f ile s  had q u ite  d i f fe re n t  le n g th s , so costs were calculated 
on a per k ilo m e tre  basis fo r each p ro file , to  remove any bias 
caused by p ro file  length.
The use o f th re e  ground pro files  greatly  reduced the com puter 
t im e  required to produce a lte rna tive  designs, and ensured tha t a
wide range o f design standards could be examined.
A to ta l o f 168 designs have been produced fo r  the 20 d i f fe r e n t  
ground p ro f ile s ,  using 27 sets o f design standards. Table 9.1 
show s th e  se ts  o f  d e s ig n  s ta n d a rd s  used to  p roduce the  
a lte rn a t iv e  alignments, each set o f standards has been allocated 
a design code num ber. Tab le  9.2 shows the sets o f  design
standards (by code number) tha t have been used w ith  each o f the 
ground p ro files . The contro l standard fo r the tests was taken as 
a conventional m otorway design, using the recommended standards 
described in Chapter 5, and this is design code 1 in tab le 9.1. 
The re m a in in g  sets o f design standards are b rie fly  described in 
th e  fo l lo w in g  p a ra g ra p h s , grouped acco rd ing  to  the  design
constra in t th a t is under investigation.
The e ffe c t o f asym metrical gradient standards was investigated. 
The data fro m  C la ffe y  suggested tha t these m ight reduce fue l 
consumption, but the data used in th is thesis produced increased 
fu e l consum ptions. This increase is supported by the analysis 
shown on Corrigenda page C.3.
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Maximum G radient
A lte rn a t iv e  designs were produced fo r  a ll the unique ground 
p ro f ile s  l is te d  in  ta b le  4.1 fo r  gradient lim its  o f 4.0, 3.0, 
2 .0 , and 1.5 percent, and these are design codes 1 to 4 in 
tab le s  9.1 and 9.2, design code 1 being the con tro l m otorway
design w ith  a 3.0 percent maximum gradient. G radient lim its
g re a te r  than  4.0 p e rc e n t w ere found to produce the same 
designs as using l im i ts  o f 4.0 percent, due to the natura l 
g ra d ie n ts  o f  the  ground pro files  and the constra in ts imposed 
by the  v e r t ic a l cu rve  va lues. F o r g ra d ie n t l im i ts  o f less 
than 1.5 percent the HOPS program MINERVA was unable to 
p roduce a feasib le alignm ent. A fu rth e r design was produced 
fo r  each a lig n m e n t fo r  a s tra ig h t line p ro file  between the 
end points, the average gradient of these designs being 0.289 
percen t. This design was produced manually, and a VET run o f 
the  HOPS program MINERVA calculated the earthwork volumes 
w ith o u t a t te m p tin g  to  o p tim ize  the alignm ent. This s tra igh t 
lin e  design was produced fo r  fo rm ation  w idths o f 35.6 and
26 .1  m e tre s ,  and these are design codes 5 and 6 . The
re m a in in g  design c o n s tra in ts  w ere  held co n s ta n t fo r  these 
g ra d ie n t tests at the recommended m otorway values discussed 
in Chapter 5.
V e rtica l Curves
Three groups o f designs were produced to  examine the e ffe c ts  
o f  th e  d e s ig n  o f  v e r t ic a l cu rves . The f i r s t  tw o  groups 
exam ined the e ffe c t o f changing the m inimum curve ra d ii only, 
the  f i r s t  group used the output from  the standard m otorway 
design VENUS run w ith  la rg e  m in im u m  ra d ii as in p u t to
M IN ER V A, and the second group had a pre lim inary run o f VENUS 
fo r  each set of reduced m inimum rad ii. These two groups are 
design codes 10, 11, and 12 (no VENUS run) and 16, 17, and 18
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(VENUS run) in the tables. The th ird  group of designs had a 
reduced curve length in addition to the reduced rad ii, and a 
p re lim ina ry  run of VENUS was made fo r each o f these, being 
codes 24, 25 ,and 26.
Formation Width
D esign codes 7, 8 , and 9 tested the e ffe c ts  o f a lte rna tive  
fo rm a tio n  w idth. The contro l m otorway design used a fo rm ation  
w id th  o f 35.6 m e tre s , and these a lte rn a t iv e  designs had 
w id th s  o f 2 6 .1 , 1 9 .8 5 , and 11 .3  m e tre s ,  these va lues
corresponding to a typ ica l dual carriageway, and high and low 
q u a lity  s ing le  c a rr ia g e w a y  m a jo r ru ra l roads. A ll the other 
design c o n s tra in ts  w ere  m aintained a t the contro l m otorway 
values.
Combined Effects
F o u r  a l t e r n a t iv e  designs w ere produced w here m ax im um  
g r a d ie n t ,  m in im u m  cu rve  s tandards, and w id th  w ere a ll 
changed. These designs represented the roads tha t would be 
p ro d u c e d  w hen d e s ig n in g  fo r  a lte rn a t iv e  c a p a c it ie s  and 
speeds. The designs are codes 20, 21, 22, and 23, and are fo r 
the fo llow ing  road types:-
120 kph dual carriageway.
100 kph single 10.3 m etre road.
80 kph single 7.3 m etre road.
80 kph m otorway.
Minimum Gradient
The contro l m otorway, and the other designs have a m inimum  
g ra d ie n t o f 0.4 p e rc e n t, fo r  dra inage reasons (see Chapter 
5). Design code 27 is fo r a m otorway, but w ithou t the m inim um  
gradient standard.
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Side Slope Gradient
The use o f a lte rna tive  side slope gradients to the value o f 1 
in  2 used fo r the contro l design was examined in designs 13, 
14, and 15. These used side slope gradients o f 1 in 1.5, 1 in 
1, and ve rtica l. The object o f these designs was to examine 
th e  p o s s ib le  e n e rg y  s a v in g s  f ro m  u s in g  c o n s t r u c t io n
tech n iq u e s  such as re in fo rc e d  e a rth , enab ling  the  use of 
steeper side slopes and consequently reduced earthworks.
Level Control Points
L e v e l c o n tro l p o in ts  are used to  c o n tro l the leve l o f the 
road  a lig n m e n t, usua lly  fo r  purposes o f s tru c tu re  design, 
such as provision o f adequate clearances when crossing other
r ig h ts  o f w ay. L e v e l c o n tro l in fo rm a tio n  was available fo r 
th re e  ground pro files, and design 19 was a m otorway design
produced fo r  each o f the  th re e  pro files w ith  leve l con tro l
p o in ts  applied. These ground pro files  were a ll fo r motorways, 
and the designs produced w ith  level con tro l points were very 
s im i la r  to  th e  d e s ig n s  th a t  had been produced by the  
engineer, using a m ixture  o f HOPS and manual design.
Alternative Costs
Three  fu rth e r designs were produced where the costs input to
th e  HOPS program s rep resen ted  the  energy costs o f each
ea rthw o rk  operation, in place o f the money costs used fo r the 
o th e r  d e s ig n s  (see s e c t io n  9 .2 .2 .2 ). These designs w e re
produced fo r p ro files 7, 9, and 12, but are not ind ica ted in
tables 9.1 and 9.2 as they used the contro l m otorway design 
standards.
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9.2.2 Data Input to HOPS
In a d d it io n  to  the  v e r t ic a l a lig n m e n t details discussed in the 
previous section, the HOPS program MINERVA requires the input o f 
fu r th e r  da ta  d e fin in g  d e ta ils  o f earthworks and costs fo r the 
proposed road design.
9.2.2.1 Earthwork Details
The fo llo w in g  a d d it io n a l ite m s  o f ea rthw o rk  in fo rm a tion  were 
input to M INERVA:-
to  the  a u th o r th a t included deta ils o f MINERVA runs, and are 
thus considered to be represent typ ica l values used by the Road 
C onstruction Units.
9.2.2.2 Cost Details
M IN E R V A  requires the input o f cost parameters fo r each o f the 
e a r th w o rk  c o n s tru c tio n  o p e ra tio n s , so th a t  the  p rog ram  can 
o p t im iz e  the  road design to  m in im iz e  construction costs. The 
costs used in th is research were:-
Depth o f construction
Depth o f topsoil
Depth o f soiling on side slopes.
Percent o f cu t unsuitable fo r f i l l
Percent increase in cu t volume
0.50 metres, 
0.25 metres, 
0.10 metres, 
10.0
10.0
These values were derived from  the three sets o f data supplied
Excavate
Spread and Compact
Spoil
Borrow
Haul
15.0 pence per cubic m etre.
15.0 pence per cubic m etre.
60.0 pence per cubic m etre.
95.0 pence per cubic m etre.
0.02 pence per cubic m etre per m etre .
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These costs were again derived from  the M IN E R V A  in p u t da ta  
supplied to  the author. Three designs were produced where energy 
costs  w ere  in p u t in  p lace  of money costs, and the results of 
these are discussed in Chapter 10.
A dd itiona l costs could be input to MINERVA re la ting  the costs o f 
s tru c tu re s  to  the  h e ig h t o r depth o f the road p ro file , but as 
d e ta ils  o f s tru c tu re s  w ere  not available, th is fa c il ity  was not 
used.
C onstruction Fuel Consumption See Corrigenda Page C.3 j
The energy costs  of constructing the earthworks fo r each road 
design were c a lc u la te d  fro m  the earthwork values produced by 
M IN ER VA fo r the design, and the earthwork fue l consumption data 
described in Chapter 7.
The HOPS program MINERVA produced to ta l earthwork volumes fo r 
e x c a va te , f i l l ,  hau l, b o rro w , and sp o il, the  haul figu re  being 
the  vo lum e o f m a te ria l moved m u ltip lied  by the distance i t  was 
m oved. These values could be output by the program onto punched 
c o m p u te r cards, but were more usually transcribed from  prin ted 
o u tp u t to  com pute r coding sheets, and punched m anually. These 
ca rds  were used as input to a com puter program called COCOST, 
w r itte n  as part o f th is research.
The COCOST program took the earthwork volumes fo r  each ground 
p ro f i le  and design code com bination, and using the earthm oving 
fu e l consumptions from  Chapter 7, ca lcu la ted the energy cost of 
each operation by simply m u ltip ly ing  the earthwork volume by the 
re le v a n t s p e c if ic  fu e l consum p tion . Three sets o f energy cost 
f ig u re s  w ere produced fo r  each design, representing the good, 
average , and poor site conditions described in Chapter 7. COCOST 
added these costs to produce three to ta l energy costs fo r each
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road design, one fo r  each s ite  c o n d it io n . The f in a l p r in te d  
o u tp u t fro m  COCOST tabulated the results, showing the energy 
costs  o f each o p e ra tio n , and the to ta l energy costs, fo r each 
alignm ent produced.
i
Operation Energy Costs See Corrigenda Page C.3 j
Th is  sec tion  of the Chapter describes how the operation energy 
costs were calculated fo r  each o f the a lte rna tive  road designs.
Section 9.4.1 describes the ca lcu la tion o f the  fu e l co n su m p tion  
fo r  each o f the vehicles and speeds fo r which fue l consumption 
equations were produced in Chapter 8.
These fue l consumptions then had to be used to  re p re s e n t the  
fu e l consum ptions of the vehicle types th a t are operating over 
roads in  the  U n ite d  K ingd om . The methods of ca lcu la ting  the 
p ro p o rtio n s  o f each vehicle type are discussed in section 9.4.2 
fo r cars, and 9.4.3 fo r goods vehicles.
S e c tion  9 .4 .4  describes the  c a lc u la t io n  o f the  to ta l v e h ic le  
flo w s  expected to operate over each o f the roads, and how these 
w e re  used w i th  th e  v e h ic le  fu e l consum p tion  and v e h ic le  
proportion figures to  ca lcu la te  operating energy costs.
F ina lly  section 9.4 .3  sum m arises the  c a lc u la t io n  o f the  to ta l  
o p e ra tin g  energy costs fo r each road design from  the data and 
methods described in sections 9.4.1 to  9.4.4.
Page 9.10
Chapter 9
Research Undertaken
.1 Calculation of Fuel Consumption for Each Vehicle
The q u a d r a t ic  re g re s s io n  equa tions  described in  C h a p te r 8 
re la t in g  vehicle fue l consumption to road gradient were used to 
c a lc u la te ' the  fu e l consu m p tion  fo r  each vehic le  operating at 
each tes t speed over each alignment.
A com puter program  c a lle d  OPCOST w r it te n  as p a r t o f th is  
research  to o k  the  d e ta ils  o f the road alignment as output by 
M IN E R V A  (see C h a p te r 6) and c a lc u la te d  le v e ls  a t re g u la r  
cha inage  in te rv a ls  a long the  road . The gradient- between each 
p a ir  o f cha inage in te rv a ls  was calcu la ted and this increm enta l 
g ra d ie n t was in p u t to  the  re levant fue l consumption regression 
equa tion  to ca lcu la te the fue l consumption fo r each vehicle and 
speed fo r  the  in c re m e n t. These increm en ta l fue l consumptions 
w e re  then  added to produce a to ta l fue l consumption fo r each 
vehicle and speed com bination.
The fue l consumption was calculated fo r both d irections so tha t 
the fin a l resu lt represented the fue l tha t would be used by the 
vehicle making a re tu rn  tr ip  over the fu ll length o f the road.
.2 Calculation of Proportions of Cars
The ob jective  o f this exercise was to use the fue l consumptions 
o f the  three tes t cars to  represent the fue l consumption o f the 
f le e t  o f  v e h ic le s  l ik e ly  to  be o p e ra tin g  ove r the  road as 
a c c u ra te ly  as possib le. This has been undertaken by ca lcu la ting  
the  re q u ire d  p ro p o rtio n s  o f the  v e h ic le  types fo r which fue l 
consumption data has been produced.
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As three ve h ic le s  w ere te s te d , i t  was poss ib le  to  re p re se n t 
th re e  characte ris tics  of the United Kingdom car f le e t. The f ir s t  
tw o  c h a ra c te r is t ic s  se lected  to be modelled were to ta l vehicle 
m ile a g e , and the mean fue l consumption o f the U .K . car fle e t. 
T he se  tw o  c h a ra c te r is t ic s  w ould  ensure th a t the  to ta l fu e l 
consu m p tion  o f the  th ree  vehicles would represent tha t of the 
vehicle fle e t.
The th ird  c h a ra c te r is t ic  re q u ire d  was th a t  w h ich  would best 
in d ic a te  th e  v a r ia t io n  in  ve h ic le  fu e l consum p tion  due to  
g ra d ie n t. C h a p te r 8 shows tha t the tra c tiv e  e ffo r t  required to 
propel a vehicle is:-
T rac tive  e ffo r t  = Pa + Pr + M . g . s i n o c
where Pa = force to overcome a ir resistance,
Pr = force to overcome ro lling  resistance,
M = vehicle mass, 
g = g rav ita tiona l constant, 
and oc = angle of gradient.
The fue l consumption o f a vehicle was shown to be re la te d  to  
th is  fo rc e ,  and fo r  a co n s ta n t speed the w ind and ro l l in g  
re s is ta n ce s  w i l l  no t va ry , so the  change in fue l consumption 
caused by change in gradient w ill be re la ted to  the change in 
g ra d ie n t  and th e  v e h ic le  m ass. The e x a c t  fo rm  o f th is  
re la t io n s h ip  w i l l  depend upon the e ffic ien cy  of the vehicle , as 
discussed in  C hapter 8, but there is no data available on how 
th e  e f f i c ie n c y  o f th e  U .K . ca r f le e t  va ries  on g ra d ie n ts . 
C le a r ly  th e  v e h ic le  w e ig h t w i l l  a f fe c t  the  change in  fu e l 
consumption on a gradient, and a reasonable estim ate o f vehicle 
w e ig h t  can be o b ta in e d  fro m  a v a ila b le  da ta . Thus i t  was 
cons ide red  th a t  the  ve h ic le  mass was the most suitable th ird  
cha rac te ris tic  to represent.
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The re q u ire d  ve h ic le  p ro p o rtio n s  w i l l  th e re fo re  s a t is f y  th e  
fo llow ing  three equations:-
Mm + Me + Mp = M t Equation 1
Mm.Fm + Me.Fe + Mp.Fp = M t.F t Equation 2
Mm.Wm + Me.We + Mp.Wp = M t.W t Equation 3
where Mm, Me, Mp are the to ta l mileages fo r M inis, Escorts, 
and Peugeots,
M t is the to ta l vehicle mileage,
Fm, Fe, Fp are the fue l consumptions o f the M in i,
Escort, and Peugeot,
F t is the mean fue l consumption o f the vehicle f le e t,
Wm, We, Wp are the weights o f the M in i, Escort, 
and Peugeot, 
and Wt is the mean weight o f the vehicle f le e t.
The mean fue l consumption and weight o f the  U n ite d  K ingd om  
v e h ic le  f le e t have been calcula ted on a mileage basis. This has 
been und e rtake n  using data giving average vehicle m ileages and 
num bers on an engine size basis, and estim ates o f w e igh t and 
f u e l  c o n s u m p tio n  f o r  each  e n g in e  s iz e  c a te g o r y .  T he se  
calcu la tions are described in the fo llow ing  paragraphs.
Total Vehicle Mileage
Tab le  9.3 has been derived from  M altby (1) and the U n ited 
K in g d o m  T ra n s p o r t  S t a t is t ic s  (2 ) to  g ive  to ta l  v e h ic le  
m ileages  fo r  a se ries o f eng ine size categories. From  this 
ta b le  the  to ta l ve h ic le  m ile age  can be c a lc u la te d . Thus 
equation 1 becomes:-
Mm + Me + Mp = 137152 (m illions o f vehicle m iles)
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This f ig u re  cou ld  have been produced d ire c t ly  f r o m  th e  
T ra n s p o rt S ta t is t ic s ,  b u t th is  value is s ligh tly  higher as i t  
in c lud es  ca r d e rive d  vans. Th is va lue was used to ensure 
c o m p a t ib i l i t y  w ith  the  c a lc u la tio n s  o f mean v e h ic le  fu e l 
consumption and weight.
Mean Fuel Consumption
A mean fue l consumption value has been estim ated fo r each o f 
th e  e n g in e  s iz e  c a te g o r ie s  in d ic a te d  in  ta b le  9 .3 . This 
estim ate has been calculated by analysing the 20 best selling 
cars fo r 1979 (3). These 20 cars are shown in table 9.4, and 
th e y  re p re se n t 48 d i f fe re n t  models, and 63 percent o f the 
sales fo r  th a t year. The average fue l consumption fo r each o f 
the  eng ine s ize  categories was calculated from  the 56 mph 
G ove rnm e n t te s t f ig u re s  (4) fo r those vehicles in tab le  9.4 
w ith in  the engine size category. The mean fue l consumption in 
ga llons per m ile  fo r each engine size is shown in tab le 9.5. 
Th is  mean value was not weighted according to  the sales o f 
the  v e h ic le s , as no in fo rm a tio n  was available fo r the sales 
o f p a r t ic u la r  s izes o f a car (e.g. Ford C o rtina  1300, 1600, 
2000 and 2300). The 56 mph figure  was selected as the basis 
f o r  re p re s e n t in g  fu e l consu m p tion  as i t  was f e l t  to  be 
c losest to the speeds on the types o f road examined in th is 
research.
The 56 mph fue l consumption values fo r the three test cars 
w e re  in te rp o la te d  from  the level road consumptions o f each 
vehicle at 50 and 60 mph. The results o f th is can be compared 
w ith  the published figures:-
Fuel Consumption in gallons per m ile 
Test Quoted
M in i 0.02176 0.02053
Escort 0.02776 0.02475
Peugeot 0.02782 0.02801
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The values fo r the M ini and Peugeot compare w e ll w ith  the  
pub lished  f ig u re s , the  M in i p roba b ly  being higher than the 
pub lished  f ig u re  due to  i t  being an earlie r model than the 
one fo r  which the quoted figure applies. However, the Escort 
f ig u re  shows a 12 percent increase from  the published figure. 
The Escort tested was a van, which w h ils t basically iden tica l 
to  the  c a r, has an increased fro n ta l area due to  a higher 
ro o f leve l. From the d ifferences between the fro n ta l areas of 
the  van and the car, and an estim ate of the a ir resistance, a 
c o r re c t io n  fa c to r  has been c a lc u la te d . The c a lc u la tio n  of 
th is  fa c to r is described in Appendix 4. The correc tion  fa c to r 
was on ly  applied to  the constant in the regression equations 
shown in  C hap te r 8, as the gradient re la ted variables would 
not be a ffec ted  by a ir resistance.
The corrected Escort consumption is 0.02481 gallons per m ile , 
w h ic h  c o m p a re s  v e ry  w e ll w ith  the  pub lished f ig u re  o f 
0 .02475. This c o rre c te d  consum p tion  has been used in a ll 
subsequent calculations.
Thus equation 2 becomes:-
0.02176.Mm + 0.02481.Me + 0.02782.Mp = 34048.8
where the mileages are in m illions o f vehicle m iles.
Mean Weight
The mean weight equation has been produced in a s im ila r way 
to  the  mean fue l consumption equation. The estim ated mean 
w e ig h ts  fo r  each engine category were calcula ted from  the 
da ta  in  tab le  9.4 (4), and these are shown in tab le  9.5. The 
weights o f the vehicles tested were:-
M in i 0.615 tonnes
Escort 0.920 tonnes
Peugeot 1.327 tonnes.
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Thus equation 3 becomes:-
0.615.Mm + 0.920.Me + 1.327.Mp = 130446
where the mileages are in m illions o f vehicle m iles.
Proportions of Cars
S o lv ing  the  three simultaneous equations fo r vehicle mileage, 
consumption, and weight, and converting to percentages o f the 
to ta l v e h ic le  m ileage, gives the fo llow ing  proportions o f the 
three tes t vehicles:-
M in i 27 percent 
Escort 45 percent 
Peugeot 28 percent
The use o f these ve h ic le  p ro p o rtio n s  to  c a lc u la te  vehicle 
flow s is described in section 9.4.4
9.4.3 Relating Test Goods Vehicles to Commercial Vehicle Fleet
C h a p te r  8 describes the  c a lc u la t io n  o f reg ress ion  equa tions  
re la t in g  fu e l consum p tion  to  g ra d ie n t fo r  tw o  goods vehicles 
te s te d  by C la ffe y  (5). These two vehicles were a two axle six 
ty re  t ru c k ,  and a tra c to r  semi tra ile r  com bination (a rticu la ted ) 
t ru c k .  C h a p te r 8 in d ic a te s  th a t these vehicles are s im ila r to  
equivalent U .K . goods vehicles.
The Government s ta tis tic s  (2) g ive  to ta l  v e h ic le  m ileages  fo r  
trunk and m otorway roads fo r fou r types o f com m ercia l veh ic les:-
Buses and coaches.
Two axle goods vehicles.
Three or more axle r ig id  goods vehicles.
A rticu la te d  goods vehicles.
I
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The two axle and a rticu la ted  vehicles are equivalent to the  tw o  
ve h ic le  types  te s te d  by C la ffey , and th e ir fuel consumption is 
thus re p resen ted  d ire c t ly  by the  reg ress ion  equations derived 
fro m  the data from  C la ffey . The buses and coaches have s im ila r 
c h a ra c te r is t ic s  to  the  tw o  axle six ty re  truck , and th e ir  fue l 
consu m p tion  is cons ide red  to be adequately represented by the 
tw o  axle truck  fue l consumption data from  C la ffey . The three or 
m ore ax le  r ig id  goods vehicle has characteris tics  between those 
o f the two axle vehicle and the a rticu la ted  vehicle, and fo r the 
purposes o f th is  s tudy the fu e l consum p tion  o f th is  vehic le  
group is represented by equal proportions of the two axle tru ck  
and a rticu la ted  truck  tested by C la ffe y . Any errors produced by 
the  m ethod o f representing  these two vehicle types (buses and 
coaches and th re e  or more axle rig id ) w ill be sm all, as buses 
and coaches only fo rm  7.5 percent of com m ercial vehicles, and 
three or more axle r ig id  vehicles 10.2 percent. }
Vehicle flow s have been calculated using the vehicle p ro p o rtio n s  
described  in  the  p rev ious  paragraph fo r  the two vehicle types 
fo r  w h ich  reg ress ion  equa tions have been derived, these flow s 
are described in section 9.4.4.
W h ils t th is  m ethod o f re p re s e n tin g  the goods vehicle f le e t is 
less s a t is fa c to ry  than  the  method used fo r the car f le e t, the 
use  o f  o n ly  tw o  v e h ic le  ty p e s  r e s t r ic t e d  th e  v e h ic le  
c h a ra c te r is t ic s  th a t  could be modelled. There is also less data 
a v a ila b le  on the  fue l consumption and weight characte ris tics  of 
goods v e h ic le s , p a r t ic u la r ly  the load condition o f the vehicles. 
The da ta  fro m  C la f fe y  assumes th a t  the vehicle is trave lling  
fu l ly  laden one way, and re turn ing em pty, but vehicle operators 
m ay ensure th a t  th e ir  ve h ic le s  are used more e ffic ie n tly , by 
a rra n g in g  fo r  re tu rn  loads. I f  vehicles are trave lling  laden fo r 
m ore than 50 percent o f the m ileage, then th is data w ill provide 
an u n d e re s tim a te  o f the  e f fe c ts  o f g ra d ie n t. The e f fe c t  of 
v a r ia t io n  o f v e h ic le  typ e  upon the results o f this research is 
examined in Chapter 10.
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9.4.4 Total Vehicle Numbers
The o b je c t iv e  o f th is  s tudy  was to  exam ine the  e ffe c ts  o f 
v e r t ic a l a lig n m e n t design s tandards upon the energy costs of 
m a jo r ru ra l,  roads. The annual t r a f f ic  flows used to ca lcu la te 
th e  o p e ra tin g  energy costs  fo r  the  road designs produced fo r 
th is  resea rch  have been derived from  the Government s ta tis tics  
fo r  m o to rw ay and trunk roads (2). This annual flow  has been the 
d iv id e d  in to  f lo w s  fo r  the  f iv e  ve h ic le  types fo r which fue l 
consu m p tion  equa tions  w ere produced in Chapter 8, using the 
p ro p o rt io n s  described  in  the  previous sections of th is Chapter,
and these flo w s  are discussed in section 9.4.4.1. In add ition to 
an annual vehicle flow , an estim ate of the li fe  o f the road, and 
th e  t r a f f i c  g ro w th , are needed in  o rd e r to  c a lc u la te  to ta l 
t r a f f i c  vo lum es fo r  the  l i f e  o f the  road . These va lues are 
described in section 9.4.4.2.
9.4.4.1 Vehicle Flows
Tab le  9.6 shows the  le n g th s , and to ta l ve h ic le  mileages, fo r
m o to rw a y  and trunk roads (2). The vehicle mileages shown are fo r
ca rs , tw o  ax le  goods v e h ic le s , and a rticu la ted  goods vehicles. 
The goods v e h ic le  m ileages include the mileages o f buses and 
coaches, and three or more axle vehicles, apportioned according 
to  the  m ethod described  in  section 9.4.3. From these figures, 
a v e ra g e  v e h ic le  f lo w s  fo r  the  tw o  road types  have been 
c a lc u la te d , and these are are also shown in  ta b le  9.6. This 
average is sim ply the to ta l vehicle m ileage divided by the road 
length.
U sing the  flows from  table 9.6, equivalent flows fo r each o f the 
f iv e  te s t  v e h ic le s  have  been produced, using the  v e h ic le  
p ro p o rtio n s  described  in sections 9.4.2 and 9.4.3. The flow s in
ta b le  9.6 are two way flows, but the vehicle fue l consumptions
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have been calcu la ted fo r  a vehicle making a re turn  tr ip  over the  
road, so the fin a l vehicle flows are fo r one way only (half the 
tw o  way flow ). These flow s fo r  each vehicle type are shown in 
ta b le  9.7. For the results presented in Chapter 10, the average 
m otorway and trunk road flows have been used to ca lcu la te  the 
o p e ra tin g  energy cos ts . The e f fe c t  o f a lte rna tive  flows, w ith  
and w ith o u t changes to vehicle proportions, are also examined in 
Chapter 10.
9.4.4.2 Design L ife  and Traffic  Growth
The design li fe  norm ally assumed fo r  a road when undertaking an 
econom ic  analysis is 30 years, and this value has been used in 
th is  research. Chapter 10 examines the e ffe c ts  upon the results 
o f th is  research o f m ajor changes to t ra f f ic  volume, as would be 
caused by assuming an a lte rna tive  design li fe  value.
T ra ff ic  g ro w th  du ring  the  design l i f e  o f the  road has been
c a lc u la te d  fro m  Tanner (6) and the  Government s ta tis tics  (2). 
These tw o  re p o rts  p ro v id e  e s tim a te s  o f fu tu re  car ownership 
r a th e r  th a n  t r a f f i c ,  b u t a f u r t h e r  r e p o r t  by T anner (7)
in d ic a te s  th a t  average v e h ic le  m ile age  is expected to rem ain 
v ir tu a l ly  unchanged, there fo re  t ra f f ic  growth w ill correspond to  
v e h ic le  ownership growth. Estim ates o f t ra f f ic  grow th have thus 
been ca lcu la ted from  Tanner and the Government s ta tis tics , based 
upon a 30 year design li fe  commencing in 1978, the year fo r  
w h ich  the t ra f f ic  volumes apply. The estim ates use the average 
g ro w th  . a n t ic ip a te d  by the  tw o  sources, and p roduce  a lm o s t 
id e n t ic a l results, w ith  a mean growth over the 30 year period of
1.314. Thus the  to ta l t r a f f i c  vo lum es used to  c a lc u la te  the
o p e ra tin g  energy costs fo r  th is  research are the annual flow s 
in d ic a te d  in  table 9.7, m u ltip lied  by a 30 year design l i fe  and
a mean grow th fa c to r o f 1.314.
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.5 Summary of Calculation of Operating Energy Costs
This se c tio n  b rie fly  summarises the ca lcu la tion of the operating 
energy costs fo r  each o f the road designs.
The operating cost was calculated from  the fue l consumptions o f
the  fo llo w in g  ve h ic le s  tra v e llin g  at the speed given over each
alignm ent, each vehicle making a re tu rn  journey:-
BL M ini - 80 kph.
E s c o rt Van - 97 kph. (fue l consumption corrected to saloon 
car value).
Peugeot 504 -  106 kph.
Two axle truck  - 80 kph.
A rticu la te d  truck  -  80 kph.
The speeds were selected to represent typ ica l vehicle speeds on 
m a jo r ru ra l roads in the United Kingdom. The lower speeds o f the 
M in i .and Escort were selected as these vehicles were not capable 
o f ascending the steeper gradients examined in this research at 
higher speeds.
The fu e l consumption fo r each of these vehicles fo r each design
was then m u ltip lied  by the annual one way flow  fo r the vehicle
in d ic a te d  in  ta b le  9.7 . This annual fue l consumption was then
m u lt ip l ie d  by the  design life  (30 years) and the growth fa c to r
(1 .314) to  g ive  a to ta l fue l consumption fo r each vehicle type
fo r  each road design. F in a lly  the  to ta l consumptions fo r the 
f iv e  vehicle types were added to produce a to ta l operating fue l
consumption fo r each road design.
The e ffec ts  upon these re su lts  o f v a r ia t io n s  o f ve h ic le  ty p e , 
speed, and flow  are examined in Chapter 10.
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9.5 Relationship of Energy Costs to Total Costs
This sec tion  b rie fly  discusses how the energy costs examined in
th is  research  re la te  to  to ta l cos ts . The costs o f construction
and operation are considered separately.
9.5.1 Construction Cost
This research  eva lua tes  the  changes in earthwork construction
energy costs produced by changes to road design standards. The 
o th e r  c o n s t r u c t io n  e n e rg y  costs are no t cons ide red  to  be
s ig n if ic a n t ly  a f fe c te d  by road design s tandards. This section 
b r ie f ly  considers the  re la tionsh ip  o f earthwork energy costs to 
to ta l construction costs.
Parsons and Broad (8) give the fo llow ing percentage breakdown of 
earthwork construction costs:-
P lant depreciation 27.0
In te rest charges 5.6
Maintenance and repairs 27.0
Fuel 11.0
Labour 29.4
W hilst the fue l cost on ly rep re se n ts  11 p e rc e n t o f th e  to ta l 
ea rthw o rk  cost, i t  would be expected th a t the other costs would 
be d ire c t ly  re la te d  to  e a rth w o rk  volum es, and tha t the to ta l 
e a rth w o rk  cost would thus vary by the same proportions as the 
fue l cost examined in th is research.
B rough ton  (9) suggests th a t  the  c o n s tru c tio n  costs th a t  are 
dependent on road alignment design are the costs o f earthworks 
and structures. For the schemes tha t he examines the earthworks 
re p re s e n t  about 40 p e rce n t o f the  cos t o f e a rth w o rk s  and 
s t r u c tu r e s  ( i . e .  th e  t o t a l  v a r ia b le  c o s t ) .  B ro u g h to n  also
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in d ic a te s  th a t the  changes in s tructure  cost are much smaller 
than  changes in  earthwork cost, and are also opposite. A road 
design th a t ' produces a 39 percent reduction in earthwork cost 
shows a 4 percent increase in s tructure  cost.
Kerman (10) indicates an opposite e ffe c t to  B roug h to n , a road 
designed w ith  f la t te r  gradients having more expensive structures 
in addition to more expensive earthworks.
These reports in d ic a te  th a t the  e a rth w o rk  cost is the  m a jo r 
v a r ia b le  when designing roads w ith  a lte rna tive  design standards, 
and th a t the to ta l earthwork cost is probably closely re la ted to 
the  earthwork fue l cost. The varia tion  in the cost o f structures 
appears to  be lo w , bu t w i l l  be dependent upon the  ground 
p ro f i le ,  and may not be re la te d  to  the change in earthwork 
costs.
Operating Costs
D a ta  fo r  the  c a lc u la t io n  o f v e h ic le  o p e ra tin g  costs  in  the  
U n ite d  Kingdom is supplied by Dawson and Vass (11). Figures are 
supplied fo r  the fo llow ing costs:-
Fuel
O il
Tyres
Maintenance
D epreciation
Time
The f ig u re s  are supp lied  as constants fo r an equation re la ting  
opera ting  costs to vehicle speed. The values supplied by Dawson 
and Vass indicate tha t the fue l cost is about 20 percent o f the 
to ta l  operating cost fo r a car on a m ajor ru ra l road. Nelson and 
U n d e rw o o d  (12) g ive  a d e ta ile d  breakdow n o f the  costs  o f
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o p e ra tin g  a heavy goods vehicle, and show tha t the fue l cost is 
27.5 percent o f the to ta l cost o f operating the vehicle, and 45 
p e rc e n t o f the  runn ing  cost o f the vehicle (excluding standing 
charges).
Some o f the operating costs other than the fue l cost may w e ll be 
a ffec ted  by road design, p a rticu la rly  the cost o f tim e  fo r goods 
v e h ic le s . The fo rm u la e  presen ted  by Dawson and Vass c lea rly  
in d ic a te  th a t the operating costs are closely re la ted to  vehicle 
speed. S teeper g ra d ie n ts  w ou ld  tend to  reduce goods vehicle 
speeds (as shown in Chapter 5) and thus increase operating tim e  
and conse quen tly  o p e ra tin g  co s t. The types o f design changes 
exam ined in th is research would probably have l i t t le  a ffe c t upon 
the  o th e r costs o f o p e ra tin g  l ig h t  ve h ic le s , as lig h t  vehicle 
speeds would remain fa ir ly  constant.
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Concluding Remarks
A to ta l o f 168 a lte rna tive  road designs have been produced fo r 
th e  g ro u n d  p r o f i le s  described  in  C h a p te r 4. These ground 
p r o f i le s  e x a m in e  v a r ia t io n  o f d i f fe re n t  aspects o f v e r t ic a l 
alignm ent design.
U s in g  th e  c o n s t ru c t io n  fu e l consum p tion  da ta  described  in  
C h a p te r  7 the  energy costs  o f c o n s tru c tin g  each o f these 
alignments has been calculated. Energy costs have been produced 
fo r  th re e  s ite  cond itions, and the e ffe c t o f these is examined 
in Chapter 10.
The fu e l consum ption fo r each design fo r each o f the vehicles 
fo r  w h ich  regression equations were produced in Chapter 8 has 
been calculated. These fue l consumptions have then been used to 
re p re s e n t the  fu e l consum ption  o f the U n ited Kingdom vehicle 
f le e t  as a c c u ra te ly  as poss ib le , by calcula ting ' proportions fo r  
each o f the  f iv e  te s t test vehicles. F ina lly  the operating cost 
fo r  each alignment has been calcula ted using the proportions o f 
each v e h ic le  ty p e , the  average annual flow  fo r m otorway and 
trunk roads, a 30 year design life , and an average grow th value. 
The e f fe c ts  o f changes to  v e h ic le  type , speed, and flow  are 
examined in Chapter 10.
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TABLE 9.1
Design Standards Used in Production of Alternative Alignments
isign
)de
Maximum
Percent
Gradient
Minimum
Percent
Gradient
Min Vert Curve 
Summit Sag 
Radius Radius 
Metres Metres
Values
Length
Metres
Width
Metres
Side 
Slopi 
1 in
1 3.0 0.4 18000 9000 300 35.6 2.0
2 2.0 0.4 18000 9000 300 35.6 2.0
3 4.0 0.4 18000 9000 300 35.6 2.0
4 1.5 0.4 18000 9000 300 35.6 2.0
5 Straight line between end points 35.6 2.0
6 Straight line between end points 26.1 2.0
7 3.0 0.4 18000 9000 300 26.1 2.0
8 3.0 0.4 18000 9000 300 11.3 2.0
9 3.0 0.4 18000 9000 300 19.9 2.0
10 3.0 0.4 10500 7500 300 35.6 2.0
11 3.0 0.4 5000 5000 300 35.6 2.0
12 3.0 0.4 1000 2000 300 35.6 2.0
13 3.0 0.4 18000 9000 300 35.6 1.5
14 3.0 0.4 18000 9000 300 35.6 1.0
15 3.0 0.4 18000 9000 300 35.6 0.0
16 3.0 0.4 10500 7500 300 35.6 2.0
17 3.0 0.4 5000 5000 300 35.6 2.0
18 3.0 0.4 1000 2000 300 35.6 2.0
19 3.0 0.4 18000 9000 300 35.6 2.0
20 4.0 0.4 10500 7500 60 26.1 2.0
21 4.0 0.4 5000 5000 50 17.0 2.0
22 5.0 0.4 2500 3000 40 14.3 2.0
23 3.0 . °-4 2500 3000 40 35.6 2.0
24 3.0 0.4 10500 7500 60 35.6 2.0
25 3.0 0.4 5000 5000 50 35.6 2.0
26 3.0 0.4 1000 2000 30 35.6 2.0
27 3.0 0.0 18000 9000 300 35.6 2.0
r  dye s i
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TABLE 9.2
Design Codes Used For Each Ground Profile 
Design Code
Ground 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27
Profile
2 1 2  3 4 5 19
3 1 2 3 4 5 6 7 8 9
5 1 2 3 4 5
6 1 2 3 4 5 6
7 1 2 3 4 5 6 7 8 9 20 21 22 23
8 1 2 3 4 5 6 10 11 12 16 17 18 24 25 26 27
9 1 2 3 4 5 6 7 8 9 20 21 22 23
10 1 2  3 4 5 6 10 11 12 16 17 18 24 25 26 27
11 1 2  3 4 5 6 10 11 12 16 17 18 24 25 26 27
12 1 2 3 4 5 6 13 14 15 20 21 22 23
13 1 2 3 4 5 6 13 14 15
14 1 2 3 4 5 6 13 14 15
15 1 2 3 4 5
17 1 2 3 4 5 6
18 1 2 3 4 5 6
19 1 2  3 4 5 6
20 1 2 3 4 5
21 1 19
22 1 2 3 4 5
23 1 19
^ ag e  7 . ^ . 0
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Engine Size 
(cc)
Mean Mileage
No. Vehicles 
(thousands)
Vehicle Miles 
(millions)
TABLE 9.3
Annual Vehicle Mileage by Engine Size
<1000 1001-1200
7785 8524
1874.97 2324.46
14596.6 19813.7
1201-1500 1501-2000
9526 11402
4142.58 4390.27
39462.2 50057.9
>2000
12077
1094.82
13222.1
Chapter 9 
Research Undertaken
TABLE 9 .4
Car Sales For 1979
Details of type, engine size, mpg and weight
Model Total Percent Engine Miles/ Weight
Sales Total Size Gallon Cwt.
Ford Cortina 193784 11.29 1300 37.2 19.7
1600 38.7 20.3
2000 37.7 20.8
2300 34.0 22.1
Ford Escort 131667 7.67 1100 40.4 17.3
1300 38.7 18.1
BL Mini 82938 4.83 850 48.7 12.1
1000 48.5 12.1
BL Marina 62140 3.62 1300 40.6 17.4
1700 39.9 18.2
BL Allegro 59985 3.50 1100 41.1 16.3
1300 41.5 16.7
1500 40.9 17.4
Ford Fiesta 58681 3.42 950 47.9 13.7
1100 47.1 14.2
1300 44.1 15.2
Ford Granada 52091 3.04 2000 34.5 24.8
2300 32.8 27.4
2800 32.8 27.5
Ford Capri 49147 2.86 1300 40.9 19.2
1600 38.7 19.6
2000 39.8 20.2
3000 31.7 23.2
Vauxhall Cavalier 46157 2.69 1300 43.5 17.8
1600 42.2 19.0
2000 39.8 19.5
Vauxhall Chevette 44197 2.58 1300 40.7 16.6
Datsun Sunny 31665 1.84 1100 42.8 16.3
1300 40.4 16.8
BL Princess 31253 1.82 1700 38.2 21.3
2000 37.7 21.3
BL Maxi 30169 1.76 1500 40.9 19.4
1750 40.0 19.4
Talbot Alpine 29936 1.74 1300 37.7 20.3
1400 39.8 20.5
1600 36.7 20.8
BL Rover 29756 1.73 2300 32.9 25.9
2600 38.2 26.6
3500 36.3 26.6
Datsun Cherry 29371 1.71 990 44.8 15.4
Talbot Horizon 29014 1.69 1100 42.8 17.7
1300 44.1 18.8
Renault 18 28724 1.67 1400 44.1 18.1
1600 44.8 18.1
Talbot Sunbeam 27759 1.62 930 43.4 16.0
1300 38.1 17.2
1600 37.6 17.2
Talbot Avenger 27219 1.59 1300 38.1 17.5
1600 40.0 17.5
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TABLE 9.5
Mean Fuel Consumption and Weight by Engine Size
Engine Size <1000 1001-1200 1201-1500 1501-2000 >2000
(cc)
Mean Fuel 0.02143 0.02334 0.02459 0.02539 0.02933
Consumption
galls/mile
Weight 0.705 0.832 0.913 1.010 1.292
(tonnes)
Road
Type
Motorway
Trunk 
incl M'way
TABLE 9.6
Total Traffic on Motorway and Trunk Roads
Million Vehicle Kms Average Annual Flow
Total
Road
Length
2307
Car Two 
Axle 
Lorry
21543 2689
Artic­
ulated
Lorry
2389
14868 61016 6190 4666
Car
9338101
4103847
Two
Axle
Lorry
1165583
Artic­
ulated
Lorry
1035544
416330 313828
TABLE 9.7
Average Flow on Motorway and Trunk Roads
Road Type Average Annual One Way Flow
Motorway
Trunk 
incl M'way
Mini
Equiv.
1260643
554019
Escort
Equiv.
2101074
923366
Peugeot 504 
Equiv.
1307335
574539
Two Axle 
Six Tyre 
Lorry
582792
208165
Artic­
ulated
Lorry
517772
156914
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Results
10.1 In troduction
Th is  C h a p te r discusses the  re s u lts  o f an exam ina tion  o f the 
e f fe c ts  o f using d if fe r in g  v e r t ic a l a lig n m e n t design standards 
upon the  o v e ra ll energy cos t o f construc ting  and operating a 
road . Each design s tanda rd  is exam ined ind iv idua lly , w ith  the 
re m a in in g  standards being fixed , the e ffe c t o f changing a group 
o f standards is also examined.
The f ir s t  set o f results examine the e ffe c ts  o f varying maximum 
g ra d ie n t standards. For each ground p ro file  described in Chapter 
4 a to ta l o f 5 road designs have been produced using d iffe re n t 
m axim um  gradient standards, ranging from  a h illie s t design using 
a m axim um  g ra d ie n t of 4 percent to a f la tte s t design w ith  a 
u n ifo rm  g ra d ie n t between the end points o f the ground p ro file . 
F o r each o f these designs the  fu e l costs o f construction and 
o p e ra tio n  have been c a lc u la te d , using the  da ta  described  in 
C h ap te rs  7 to 9. The results o f these calculations are presented 
and discussed in section 10,2.
The m axim um  gradient standard is examined in more de ta il than 
th e  o th e r s tandards, because i t  a ffec ts  fue l costs d ire c tly , the 
o th e r s tandards generally a ffe c ting  fue l costs because they w il l  
a f fe c t  the  g ra d ie n t of the road. These results fo rm  the m ajor 
p a r t  o f this research, and the maximum gradient standard is the 
on ly  one to have been examined fo r a ll the ground p ro files . This 
was due to  the  constra in ts on com puting fa c ilit ie s  discussed in 
Chapter 9.
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The re s u lts  discussed in  s e c tio n  10.2 cons ide r th e  a v e ra g e  
s i t u a t io n ,  u s in g  t y p ic a l  va lues fo r  c o n s tru c tio n  cos ts , and 
v e h ic le  numbers, types, speeds and costs as described in Chapter 
9. S ec tions  10.3 and 10.4 o f th is Chapter discuss q u a n tita tive ly  
th e  s e n s i t i v i t y  o f  th e s e  r e s u l t s  to  v a r ia t io n s  in  th e  
c o n s t r u c t io n  and o p e ra tio n  costs  re s p e c t iv e ly .  S e c tion  10.3 
exam ines the varia tions in to ta l costs due to changes in ground 
p ro f i le ,  su rvey d a ta , and c o n s tru c tio n  s ite  conditions. Section 
10.4 examines the e ffec ts  o f vehicle numbers, vehicle type, and 
vehicle speed.
The  e f fe c t s  o f  v e r t ic a l cu rve  c o n s tra in ts  are exam ined in  
sec tion  10.3. The design constra in ts examined are m inimum rad ii 
o f v e r t ic a l c u rv a tu re  ( separa te  values fo r sum m it and va lley 
c u rv e s  ) and m in im u m  cu rve  le n g th . Designs w ith  v a ry in g  
c o n s t r a in ts  w e re  p ro d u c e d  fo r  th re e  g roun d  p ro f ile s  and 
o p e ra tin g  and c o n s tru c tio n  energy costs calcu la ted as described 
in Chapter 9.
S e c tion  10.6 considers the e ffe c ts  o f fo rm a tion  w id th  upon the 
energy costs  o f road c o n s tru c tio n  and o p e ra tio n . A lte rn a tiv e  
designs were produced fo r  a set o f three ground pro files  using 
w idths from  33.6 to 11.3 metres.
The three design standards described above, m axim um  g ra d ie n t, 
m in im u m  v e r t ic a l cu rve  radius and length, and road w id th  are 
then  s tud ie d  in  com bination in section 10.7. A lte rn a tive  designs 
have been produced using recom m ended design standard values 
c o r re s p o n d in g  to  a s e r ie s  o f  d i f fe r e n t  design speeds and 
capacities.
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In addition to the e ffe c t of a maximum gradient s ta n d a rd , the  
e ffe c t o f a m inimum  standard has also been examined. Two road 
designs have been produced fo r each o f three ground profiles, 
one w ith  a m in im u m  gradient and one w ithou t. The results of 
these a lte rn a t iv e  designs are compared and discussed in section 
10.8.
The e f fe c t  o f side slope g ra d ie n ts  is cons idered  in  s e c tio n  
10 .9 , designs w ith  varying side slopes being produced fo r a set 
o f three ground pro files.
S e c tio n  10.10 looks a t the  e f fe c ts  o f le v e l c o n tro l p o in ts . 
These are places where the level of the fin a l road alignm ent is 
co n s tra in e d , and w ou ld  ty p ic a lly  represent junctions w ith  other 
roads, and crossings o f other righ ts o f way. Level con tro l data 
was on ly  a va ila b le  fo r three alignments, and designs have been 
p ro d u c e d  f o r  th e s e  w i th  and w i th o u t  th e  le v e l c o n t r o l  
constra in ts being applied.
The consequences o f s e le c tin g  a lte rna tive  horizonta l alignments 
are exam ined in  se c tio n  10.11, and re su lts  are presented fo r 
ro a d s  c o n n e c t in g  th e  same end p o in ts , bu t w ith  d i f fe re n t  
h o r iz o n ta l a lig n m e n ts . These use three ground p ro files  produced 
by the  a u th o r and described in Chapter 4. A lte rn a tive  v e rtic a l 
a lig n m e n ts  have been generated fo r these horizonta l alignments 
using d iffe re n t maximum gradient standards.
The fin a l set o f results presented in th is Chapter examines the  
e f fe c t s  o f  o p t im iz in g  th e  v e r t i c a l  a l ig n m e n t  des ign  fo r  
c o n s tru c tio n  energy cos t, ra th e r than construction money cost. 
T h is  was unde rtake n  by p rodu c ing  designs fo r  th re e  ground 
p ro file s  w ith  energy costs input to the design program MINERVA 
in place o f fue l costs.
The conclusions from  a ll these results are presented in Chapter 
11.
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10.2 The Effect of Variation of Maximum Gradient
In o rde r to  exam ine the e ffe c t o f maximum gradient standards
upon the  energy costs  o f c o n s tru c tin g  and operating a road,
a lte rn a t iv e  road designs have been produced using the HOPS 
programs VENUS and MINERVA fo r the 12 unique ground pro files  
described  in  C h a p te r 4. These designs use maximum gradient
va lues o f 4, 3, 2, and 1.5 percent ( design codes 1 to 4 in
tab le  9.2 ). The remaining input data to the HOPS programs used 
to  p roduce these designs are described in deta il in Chapter 9, 
the  da ta  rep resen ts  th a t  used fo r a typ ica l m otorway or dual
three lane carriageway design.
The range o f g ra d ie n ts  se le c te d  fo r exam ination produced the 
m ax im um  possib le v a r ia t io n  in  road p ro f i le  using the ground 
p ro f ile s  studied and the HOPS programs. The HOPS programs were 
u su a lly  unable to calcu la te a feasible alignment fo r a maximum 
g ra d ie n t  o f  le ss  th a n  1.5 p e rc e n t fo r  the ground p ro f ile s
exam ined , the reasons fo r this are discussed in Chapter 6. The 
g ra d ie n ts  o f the ground pro files and the e ffe c t of the v e rtica l
cu rve  c o n s tra in ts  used to produce the designs examined in this 
C h a p te r ,  g e n e ra lly  produced road a lig n m e n ts  w ith  m ax im um  
g ra d ie n ts  o f less than 4.0 percent fo r the design w ith  a maximum 
p e rm is s ib le  g ra d ie n t o f 4.0 percent. Therefore the designs th a t
w ere  produced w ith  steeper maximum gradient standards actua lly  
re s u lte d  in  p rodu c ing  the  same a lig n m e n t as the 4.0 percent 
design. Thus the 4.0 percent design is considered as having the 
m ax im um  possib le  g rad ien ts  given the ground pro files  examined 
and the  o th e r g e o m e tr ic  design c o n s tra in ts  used. This design, 
hav ing  the  s teepes t grad ient, is able to f i t  the ground p ro file  
m ore closely than the designs w ith  shallower maximum gradients, 
and is cons idered  to  have the  m in im u m  possible construction  
costs fo r  the a lte rna tive  designs examined in th is section.
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The e ffe c t o f the m inimum possible g rad ien t was exam ined by 
p ro d u c in g  a design fo r  each ground p ro file  where the ve rtica l
road alignment was a s tra igh t line  between the end points. This 
design has the m inimum gradient possible given the end points o f 
each alignm ent (an average of 0.289 percent). The data presented 
in  C hapter 8 shows th a t the fue l consumption o f road vehicles is 
r e la te d  to  g r a d ie n t ,  and th a t  in c re a s e d  g ra d ie n ts  cause 
increased fue l consumption when taking the mean o f ascending and 
descend ing  consum p tions . T h e re fo re  i t  is considered tha t th is 
d e s ig n  w i l l  have the  m in im um  possib le  o p e ra tio n  c o s t. The
in i t ia l  s t ra ig h t  lin e  design was produced manually, and a VET
run  of the, MINERVA program only calculated the earthwork volumes
( a VET run  does not a ttem pt to optim ize the alignm ent and 
s im p ly  checks the design fo r errors and calculates the earthw ork 
vo lum es ). As the alignment was fixed  i t  was not possible fo r 
M IN E R V A  to  o p tim iz e  the  e a rth w o rk  volumes and there were 
c o n s e q u e n t ly  la rg e  vo lum es o f bo rro w  and spo il fo r  these 
alignments, resulting in extrem ely high construction costs.
Construction and operation energy costs were ca lc u la te d  fo r  a ll 
these designs using the techniques described in Chapter 9. The 
c o n s tru c tio n  costs  w ere  c a lc u la te d  fro m  the  e a rth w o rk  data 
o u tp u t by M INERVA, and the earthwork fue l costs presented in 
C h a p te r 7. The opera ting  costs were calcula ted from  the fin a l 
road p ro f ile s  output by M INERVA, the vehicle fue l consumption 
e q u a tio n s  c a lc u la te d  in C h a p te r 8, and the  t r a f f i c  vo lum es 
discussed in  C h a p te r 9. The operating costs assume a 30 year
l i f e  fo r  the  road , and include an allowance fo r t ra f f ic  grow th
du rin g  the  l i fe  o f the road. The derivations of these values are
described  in  m ore d e ta il in  C h a p te r 9. The results o f these
c a lc u la tio n s  are p resen ted  in ta b le  10.1 and figure 10.1, the 
c o n s tru c tio n  cost, operation cost, and to ta l cost being shown as 
t o ta ls  f o r  a l l designs fo r  each m ax im um  g ra d ie n t s tanda rd  
examined.
Note tha t these costs are the to ta ls  o f the to ta l costs fo r each alignm ent. 
No mileage based weighting has been undertaken.
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I t  can be seen from  these re s u lts  th a t  the  c o n s tru c tio n  cost
increases steadily w ith  decreasing maximum gradient between 4.0 
and 1 .5  p e rc e n t g ra d ie n t, and then  increases sha rp ly  to  a 
m a x im u m  f ig u r e  f o r  th e  's t r a ig h t  l in e 1 road p ro f i le .  The 
o p e ra tin g  cos t shows the  oppos ite  e f fe c t ,  decreasing steadily 
w ith  decreasing gradient from  4.0 to 1.5 percent, and then more 
ra p id ly  to  a m in im u m  value fo r the 's tra igh t line ' design. The
change in  o p e ra tin g  cos t be low  1.5 p e rc e n t g ra d ie n t is less
d ra m a tic  than  the  co rre spond ing  in c rea se  in  the  construction 
c o s t. The to ta l cos t (th e  sum o f the  c o n s tru c tio n  cost and
o p e ra tin g  cos t) decreases steadily w ith  decreasing gradient from  
4.0 p e rc e n t to  1.5 percent gradient, and then increases sharply 
to  a m axim um  fo r  the  's t ra ig h t  l in e 1 design. T h e re fo re  the  
m in im um  to ta l energy cost is probably w ith  a maximum gradient o f 
a b o u t 1.5 p e rc e n t. In te rp o la t in g  be tw een the  1.5 and 0.289 
p e rc e n t p o in ts  fo r  the  c o n s tru c tio n  cos t and o p e ra tio n  cost 
l in e s ,  and p lo t t in g  the  re s u lt  as is shown in  f ig u re  10.1, 
suggests th a t the m inimum cost is between a maximum gradient o f 
about 1.3 and 1.5 percent.
F ig u re s  10.2 to  10.5 show the a lte rna tive  designs produced fo r  
ground p ro file  number 9. This is a good example o f an undulating 
a lig n m e n t, and the  f ig u re s  c le a rly  show how steeper gradients 
enable a much c lo se r f i t t in g  road p ro file  to be obtained. The 
f i r s t  3 k ilo m e tre s  o f the  1.5 percent design are e ffe c tiv e ly  a 
s teady 1.5 p e rc e n t g ra d ie n t, and on ly  a s lig h t  undu la tion  is 
p o s s ib le  b e fo re  th e  end o f  th e  a lig n m e n t. In c re a s in g  the  
g rad ien t to 2 percent perm its a s ligh tly  more rapid ascent, and 
th e  road  p ro f i le  is then  able to  fo llo w  the  ground p ro f i le  
a p p ro x im a te ly . The 3 p e rce n t design c lim b s  fas te r s t i l l ,  then 
undu la tes more to fo llow  the ground p ro file  more closely. The 4 
p e rc e n t design is g e n e ra lly  able to  fo llo w  the  ground ve ry  
closely except fo r  one high sum m it and valley.
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The  t o t a l  c o s t c u rv e  is the  sum o f the  c o n s tru c tio n  and 
o p e ra tin g  cos t cu rves , th e re fo re  the shape of the to ta l cost 
curve  w ill depend upon the re lationship between the construction 
a nd  o p e r a t io n  c o s ts .  T h u s  i t  is  p o s s ib le  to  p r e d ic t  
q u a li ta t iv e ly  the  e f fe c ts  o f changes in e ither cost figu re . The 
e f fe c t  o f an increase in the operating cost would be to reduce 
the  gradient at which the to ta l energy curve reaches a m inimum, 
and a decrease would increase the gradient at which the m inimum  
va lue  occu rs . C onve rse ly  an inc rease  in the construction cost 
va lues would increase the gradient of the m inimum point, and a 
decrease would decrease the gradient at which the m inimum  point 
occurs.
F o r the  designs exam ined in  th is  s e c tio n , the operating cost 
accoun ts  fo r over 99 percent o f the to ta l cost, but only a sm all 
p ro p o rt io n  o f the operating cost is re la ted to the road p ro file . 
Th is  can be seen from  an exam ination o f the operating costs in 
tab le  10.1. The costs of the undulating pro files  can be compared 
w i th  th e  c o s t o f  th e  s t r a ig h t  lin e  p ro f i le  (0.289 p e rc e n t 
g ra d ie n t) , w h ich  has no varia tion  in gradient and thus has the 
m in im u m  possib le operation cost. The 4 percent gradient design 
shows a cost increase o f 2.9 percent, and the 3 percent gradient 
design an increase  o f 2.4 p e rc e n t, thus in d ic a tin g  the sm all 
p e rc e n ta g e  o f  th e  o p e ra tin g  cos t th a t  is re la te d  to  road 
p ro f i le .  Thus a lthough  the  opera ting  cost is ve’ry  much la rger 
than  the  construction cost, only a very sm all proportion o f the 
operating cost is a ffec ted  by road p ro file  changes.
The e ffe c ts  o f v a r ia t io n s  in  o p e ra tin g  cos t and c o n s tru c tio n  
cos t are exam ined in  d e ta il in  the  se n s itiv ity  tests discussed 
in the next two sections.
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10.3 Sensitivity of Results to Variation in Construction Costs
This section examines the e ffe c ts  upon the to ta l energy cost of 
changes in  the  c o n s tru c tio n  cos t f ig u re s . The variables which 
are examined qua n tita tive ly  in th is section are:-
Ground p ro file  shape.
Survey data in te rva l.
C onstruction s ite conditions.
Each o f these variab les may a ffe c t the to ta l construction cost 
f ig u re ,  and thus the shape of the to ta l cost curve. The object
o f th is  s e c tio n  is to  d e te rm in e  w h e th e r the e ffe c t upon the 
to ta l co s t cu rve  is s ig n if ic a n t ,  and p a r t ic u la r ly  whether the 
m ax im um  gradient standard at which the m inimum to ta l energy cost 
o c c u rs  is a f fe c te d .  The c o n s tru c tio n  cos t is on ly  a s m a ll 
p ro p o rt io n  o f the to ta l cost, typ ica lly  less than 1 percent, and 
thus i t  may be expected tha t only large changes in construction 
cost would a ffe c t the to ta l cost curve.
10.3.1 Ground Profile Variations
The ground p ro f ile s  examined vary considerably as described in
C h a p te r 4. In  o rde r to study the e ffec ts  o f the shape o f the
d i f f e r e n t  g ro u n d  p r o f i le s ,  an a t te m p t  has been made to  
c a te g o r iz e  the  p ro f ile s  n u m e r ic a lly . In C hap te r 4 the ground 
p ro f ile s  looked  a t in th is  resea rch  have been compared w ith  
those fro m  o th e r sources by use o f the  h illiness value. This
va lue  s im p ly  measures the to ta l amount o f rise and fa ll along 
th e  p ro f i le ,  usua lly  in  te rm s  o f m e tre s  per k ilo m e tre .  The 
a d v a n ta g e  o f  th e  h i l l in e s s  v a lu e  is th a t  i t  is a s im p le  
c a lc u la t io n , and is used in o th e r reports a llow ing comparisons 
to  be m ade. The d isadvan tage  is th a t  i t  on ly  in d ica te s  the
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average g ra d ie n t a long the  p ro f i le ,  and does no t g iv e  any 
in d ic a t io n  o f v a r ia t io n s  in g ra d ie n t. V a r ia tio n s  in  g ra d ie n t 
cou ld  have s ign ifican t e ffec ts , the sketch below shows two very 
d is im ila r  p ro f ile s ,  b u t w h ich  would have equal h illiness values. 
The second exam p le , w ith  sho rt steep gradients, would c learly  
in c u r  h ighe r c o n s tru c tio n  costs  than  the  f i r s t  exam ple  w ith  
s te a d y  g r a d ie n ts ,  and th e  o p e ra t io n  c o s ts  cou ld  also be 
s ig n ifica n tly  d iffe re n t.
A n  a l t e r n a t iv e  to  the  h ill in e s s  va lue  is the  p ro f i le  ra t io ,  
w h ich  is used to  e va lu a te  surface roughness. The p ro file  ra tio  
is the  ra t io  of the distance measured along the p ro file  to  the 
h o r iz o n ta l d is tan ce  between the end points o f the p ro file . The 
tw o  p ro f ile s  shown above w ou ld  have q u ite  d i f fe re n t  p ro file  
ra t io s , the  second exam ple  having a much higher p ro file  ra tio  
than  the  f i r s t  exam ple w ith  steady gradients. However, ne ither 
the  p ro f i le  ra t io  nor the hilliness value give any ind ica tion  as 
to  w h e th e r the  ground p ro file  comprises long steady gradients, 
or rapid undulations.
The above ske tch  shows two ground pro files, which would have 
s im ila r  h ill in e s s  va lues and p ro file  ra tios, but which may have 
ve ry  d i f fe re n t  road c o n s tru c tio n  and o p e ra tio n  cos ts . I f  the 
f re q u e n c y  o f changes o f g ra d ie n t in  th e  ra p id ly  u n d u la tin g  
p r o f i le  m e a n t th a t  th e  ro a d  design cou ld  not fo llo w  the  
u n d u la t io n s ,  then  the  c o n s tru c tio n  cos t w ou ld  be r e la t iv e ly  
h igh . This would be because the resulting road design would be 
r e la t iv e ly  f la t ,  th e re fo re  the  su m m its  w ou ld  a ll have to be
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lowered by cut, and the valleys raised by f i l l  o p e ra tio n s . The 
fla tness of the road p ro file  would mean tha t the operating cost 
w ou ld  be re la t iv e ly  lo w . F o r the  a lte rn a t iv e  ground p ro file , 
w ith  a single rise and fa ll,  the opposite would be the case, as 
the  road design w ou ld  be able to  c lo s e ly  fo llo w  the ground 
(assum ing tha t the gradient is s im ila r to the maximum gradient 
s tanda rd ), g iv in g  lo w  c o n s tru c tio n  costs  b u t h ighe r operation 
c o s ts .  The c o n s t r u c t io n  co s t w ou ld  be lo w e r as the  on ly
s ign ifican t earthworks would be a sm all amount o f cu t to round
o f f  the  sum m it according to the m inimum ve rtica l curve radius 
a llo w a b le . The o p e ra tio n  cos t would be higher as the average 
g ra d ie n t o f the resulting road would be much higher than w ith  
the  p rev io us  exam ple . In order to distinguish between roads of 
th is  typ e  the  num ber o f changes o f gradient (i.e . positive to 
neg a tive  and negative to positive) have also been calcu la ted fo r
the ground pro files  examined.
The re s u lts  o f a l l these c a lc u la tio n s  fo r  each o f the ground
p ro f ile s ,  have been presented in table 10.2, w ith  the fue l costs 
o f cons truc tion  and operation o f the 3 percent maximum gradient 
c o n t r o l  d e s ig n , in  o rd e r  to  g iv e  som e in d ic a t io n  o f the  
re la t io n s h ip  be tw een  costs  and p ro f i le  ty p e . The re la tionsh ip  
be tw een  h illiness  and p ro file  ra tio  is shown in figure  10.6. For 
th is  se t o f ground p ro f ile s  the  h illiness and p ro file  ra tio  are 
c le a r ly  s tro n g ly  re la te d , th is  is not a ltogether surprising as a 
v isu a l e x a m in a tio n  o f the  ground pro files  as shown in figures
4 .2  to  4 .5  shows th a t the  g ra d ie n ts  are g e n e ra lly  sm ooth , 
w ith o u t the  types o f d iscontinu ity  shown in the f ir s t  sketch in 
th is Chapter.
The num bers o f changes o f g ra d ie n t a long the  p ro f ile s  are 
g e n e r a l l y  s m a l l ,  th is  can a lso  be seen f ro m  a v is u a l 
exam ination. The constant smallness o f th is value means th a t the 
v a r ia t io n s  considered  in the  second sketch do not occur w ith  
these p a r t ic u la r  ground p ro f ile s ,  and thus this value is o f no 
pa rticu la r significance in th is research.
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Therefore i t  is considered tha t fo r the purposes o f th is  s tudy  
the  h ill in e s s  va lue  is an adequate method of categoriz ing the 
ground p ro file s . The hilliness value was chosen in preference to 
p ro f i le  ra t io  as i t  is sim pler to ca lcu la te and more frequently  
used e lse w h e re , e na b ling  com parisons w ith  da ta  fro m  o th e r
s o u rc e s . The  g ro u n d  p ro f ile s  have thus been grouped in to  
h ill in e s s  bands, and the average construction cost and operation
cost calcula ted fo r each band, fo r  each maximum gradient value. 
Th is  average cost is the mean o f the cost per k ilom etre  fo r each 
road , th is  be ing used ins tead  o f the  to ta l cos t in  order to
p re v e n t p a r t ic u la r ly  long  ground p ro f ile s  unduly weighting the 
re s u lts . The average costs fo r each hilliness band are shown in
ta b le  10.3 , and p lo tte d  in  f ig u re  10.7. As m ight be expected
th e se ' f ig u re s  show th a t in general an increase in the hilliness
p ro d u c e s  a c o rre s p o n d in g  inc rease  in  the  c o n s tru c tio n  and 
operation energy costs. The m inimum point on each curve however, 
appears re la t iv e ly  unchanged at about 1.5 percent, although the 
shape o f the  curves suggests th a t  the  gradient at which the 
m in im u m  p o in t occurs may increase  s lig h t ly  w ith  in c re a s in g  
h i l l in e s s ,  a lth o u g h  any c h a n g e  is s l ig h t .  I t  is  th e re fo re  
poss ib le  to  conclude tha t w h ils t the overa ll cost increases w ith
h ill in e s s , the  g rad ien t at which the m inimum to ta l cost occurs 
is re la tive ly  una ffected by the d iffe re n t ground pro files .
10.3.2 Survey Station Intervals
The s u rv e y  s ta t io n  in te r v a ls  fo r  the  sets o f ground da ta  
exam ined va ried  considerably, th is can be seen in table 4.1. In 
some cases th e re  was a lte rn a t iv e  da ta  fo r  the  same ground 
p r o f i le ,  b u t w i th  d i f f e r e n t  in te r v a ls .  The da ta  s ize  and
co m p u te r p rog ram  execu tion  tim e  constra in ts set by the HOPS 
p rogram s and the U n ivers ity  o f Surrey com puting un it also made 
i t  necessary to reduce some data sets by removing the data fo r  
a l te r n a te  s u rv e y  s ta tio n s , thus dou b ling  the  su rvey  s ta t io n
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in terva ls. The data fo r a ll these pro files  fo r  w h ich th e re  were 
a lte rn a t iv e  survey in te rva ls  are shown in table 10.4, w ith  th e ir 
assoc ia ted  c o n s tru c tio n  costs . The pro files  are shown in pairs, 
each pa ir being fo r the same ground p ro file . Only one design has 
been produced fo r  some da ta  sets because of the com puting 
re s tr ic t io n s  m en tion ed  above. F o r the  p a ir  o f h ill ie r  p ro files , 
5 and 15, th is  ta b le  shows a substantia l increase in costs fo r 
the  p ro f i le  w ith  c lo se r in te rv a ls ,  rang ing  fro m  a 15 percent 
in c rea se  fo r  the  2 pe rcen t and 4 percent gradient designs, to 
ove r 36 percen t fo r the 3 percent gradient design. This is the 
re s u lt  th a t  w ou ld  be expe c ted , as fe w e r survey stations w ill 
tend  to  g ive  an a p p a re n tly  sm oo the r ground p ro file . For the 
f la t t e r  p ro f ile s ,  w ith  s m a lle r d iffe re n c e s  between the sets o f 
s u rv e y  in te rv a ls *  th e re  is r e la t iv e ly  l i t t l e  change in  cos ts . 
F o r  p r o f i le s  11 and 12 the  la rg e r  su rvey s ta t io n  in te rv a l 
p roduces h ig h e r costs . T h e re fo re  f la t te r  p ro files  are re la tive ly  
in s e n s i t iv e  to  s u rv e y  s ta tio n  in te rv a ls ,  b u t h i l l ie r  p ro f ile s  
show a s ign ifican t increase in the calculated costs when sm aller 
in te rva ls  are used.
10.3.3 Site Conditions
C o n s tru c t io n  fu e l consumption figures were ca lcu la ted fo r poor, 
ave rage , and good c o n s tru c tio n  s ite  conditions, as discussed in 
C h a p te r 7. These site condition varia tions cover changes in site 
g r a d ie n t ,  m a te r ia l  ty p e , p la n t usage, s ite  o rg a n is a tio n  and 
w e a th e r, and are summarised in Chapter 7. The costs fo r each 
road design have been calcu la ted using the fuel cost figures fo r  
each s ite  condition, and the results are shown in table 10.5 and 
f ig u re  10.8 , as to ta l costs fo r each maximum gradient standard 
exam ined . Tab le  10.5 shows tha t worsening site conditions give 
la rg e  increases in  c o n s tru c tio n  cost. The size o f th is increase 
is due to the plant having a higher fue l consumption in add ition 
to  a lo w e r p ro d u c tio n  o u tp u t. D esp ite  these large changes in
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construction costs, the gradient at which the m inimum to ta l cost 
o c c u rs  re m a in s  a b o u t 1.5 p e rc e n t. The re s u lts  do suggest 
how eve r, as w ith  h ill in e s s , th a t  in c re a s in g  c o n s tru c tio n  cost 
m ay s lig h t ly  increase the gradient at which the m inimum  to ta l 
cost occurs.
10.3.4 Summary of Effects of Variation in Construction Costs
V a ria tio n s  in  c o n s tru c tio n  cos t do not change the conclusion 
th a t  a maximum gradient standard of about 1.5 percent produces 
the  lo w e s t o v e ra ll energy cos t fo r  a m a jo r ru ra l road. This 
c o n c lu s io n  is  in s e n s i t i v e  to  s ig n i f i c a n t  v a r ia t io n s  in  
c o n s tru c tio n  co s t, even large varia tions such as those produced 
by  cha n g e s  in  c o n s t r u c t io n  s i te  c o n d it io n s .  T h e re  is a 
suggestion  fro m  the  da ta  th a t  la rg e  increases in construction 
co s t may cause s lig h t  increases in the gradient at which the 
m inimum  overa ll cost occurs.
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10.4 Sensitivity of Results to Variation in Operation Cost
The v a r ia b le s  a f f e c t in g  th e  c a lc u la t io n  o f o p e ra tin g  cos t 
examined in th is section are:-
To ta l vehicle numbers.
Vehicle type.
Vehicle speed.
As w ith  the previous section the purpose o f th is exam ination is 
to  id e n tify  the e ffec ts  o f these variables upon the shape of the 
to ta l  energy cost and maximum gradient curve. The operation cost 
is a ve ry  high p ro p o rt io n  o f the  to ta l cost, ty p ic a lly  greater 
than  99 p e rc e n t, and thus i t  w ou ld  be expec ted  th a t  sm all 
changes in  o p e ra tin g  cos t may s ig n if ic a n t ly  a f fe c t  the to ta l 
cos t cu rve . In a l l these tes ts , the to ta l construction cost fo r 
each m axim um  gradient value remains a t the the figure  indicated 
in table 10.1.
10.4.1 Total Vehicle Numbers
The ve h ic le  num bers used fo r  the con tro l results presented in 
s e c tio n  10.2 are calcula ted from  the average flow  on m otorway 
and tru n k  roads, fo r  a design l i f e  o f 30 years, and w ith  a 
f a c t o r  a l lo w in g  f o r  a n t ic ip a te d  t r a f f i c  g ro w th  d u rin g  th is  
p e r io d . The sources o f these values are discussed in de ta il in 
C h a p te r  9 . To e x a m in e  the  e f fe c ts  upon energy costs o f 
v a r ia t io n s  in  to ta l  v e h ic le  flo w , two a lte rna tive  sets o f flow s 
have been produced.
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The f i r s t  se t exam ines the  e f fe c ts  o f s im p ly  fa c to r in g  the  
v e h ic le  flo w s  used in  the orig ina l results by a constant value, 
and rep resen ts  the  e ffe c ts  o f changes in to ta l t ra f f ic  volumes 
th a t  w o u ld  be caused by v a r ia t io n s  in  annual f lo w , annual 
g ro w th , o r a n tic ip a te d  design life .  The vehicle m ix in  th is set
o f data remains constant. The costs fo r each fa c to r are shown in 
ta b le  10.6, as to ta ls  fo r each maximum gradient value used, the
cons truc tion  costs fo r each maximum gradient being constant. The 
fa c to rs  used were 0.25, 0.5, 2.0, and 4.0, and the to ta l energy 
costs  fo r  each flow  are also shown in figure 10.9. This figure
shows the  change in  o p e ra tin g  cos t re la ted to the 3 percent 
g ra d ie n t design fo r each flow . This enables the changes in the 
shape of the curves to be seen more easily than i f  the absolute 
va lues were p lo tte d .  This figure shows th a t changes in vehicle 
f lo w  do have a s ign ifican t e ffe c t upon the results. As would be 
exp e c te d , the  h ighe r the  t ra f f ic  leve l, the more dominant the 
o p e ra tio n  cos t and the  m inim um  to ta l cost occurs at a lower
m axim um  gradient value. Conversely fo r lower t ra f f ic  volumes the 
m in im u m  to ta l cos t is a t h ighe r m ax im um  g ra d ie n t standard 
values. Factoring the t ra f f ic  volume by 0.25, the m inimum  to ta l 
co s t is a t a m axim um  g ra d ie n t o f abou t 3 percent, whereas 
fa c to r in g  the values by 4, the m inimum energy cost is fo r the 
design w ith  a uniform  gradient between the end points (average 
0.289 p e rc e n t) . Factoring  the t ra f f ic  volume by 0.5 produces a 
m inimum  cost a t maximum gradient o f about 2 percent.
The second set of figures examines the e ffe c ts  o f using t r a f f i c  
f lo w s  fro m  d iffe re n t road types, these d iffe r  from  the previous 
te s ts  in  th a t  the  vehicle m ix changes in addition to the to ta l 
vehic le  numbers. The flows fo r each vehicle type fo r each o f the 
road types examined in th is tes t are shown in table 10.7, w ith  a 
co lum n  showing the percentage of heavy vehicles fo r each set o f 
f lo w s . The costs  fo r  each road type , and fo r each maximum 
grad ien t standard are shown in table 10.8 and figure 10.10. The 
costs are aga in shown in  the  f ig u re  as changes from  the 3 
p e rc e n t g ra d ie n t design fo r  each f lo w . As w ith  the previous
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test, these results show th a t the g ra d ie n t va lue a t w h ich  the  
m in im u m  cos t occurs is co n s id e ra b ly  a f fe c te d  by changes in 
t r a f f i c  volume, and also in th is case by changes in vehicle m ix. 
C osts  fo r  the quietest m otorway are not shown on the figure , as 
the  cost changes are very s im ila r to the trunk road only costs. 
In  th is tes t the maximum varia tion  is from  the busiest m otorway, 
w here  the  m inim um  cost occurs at the lowest possible gradient 
( i.e .  the  s t ra ig h t  lin e  design), to the quietest m otorway where 
the  m inimum  cost occurs a t a maximum gradient value o f about 2 
p e rc e n t. In th is  te s t the  va ria tio n  is a ttribu tab le  to both the 
change in vehicle m ix and the change in to ta l vehicle flow . The 
b u s ie r  ro a d s  g e n e ra lly  have a h ighe r pe rcen tag e  o f heavy 
v e h ic le s  (th e  q u ie te s t m o to rw a y  be ing the  e x c e p tio n  to this 
rule), which have higher fue l consumptions, and more a ffe c ted  by 
an in c re a s e  in  g r a d ie n t .  The e f fe c ts  o f v e h ic le  ty p e  are 
examined in the next section.
10.4.2 E ffect of Variation of Vehicle Type
The e f fe c t  o f v e h ic le  typ e  has been examined by ca lcu la ting  
costs  w here the  e n tire  vehicle flow  comprises a single vehicle 
ty p e , the  to ta l f lo w  being th a t used fo r the results presented 
in  the  f i r s t  s e c tio n  o f th is  C h a p te r. The f iv e  vehicle types 
exam ined are the three car types tested fo r th is research, and 
th e  tw o  goods ve h ic le s  described in Chapter 8. The operation 
costs  have been calculated from  the fue l consumption equations 
fo r  each v e h ic le  t ra v e ll in g  a t 80 km ph, th is  being the only 
speed f o r  w h ich  re s u lts  w ere a v a ila b le  fo r  a ll the  v e h ic le  
types . The e ffe c ts  o f speed are considered in the next section. 
The costs fo r each vehicle type, and each maximum gradient value 
are g iven in  ta b le  10.9 and figure 10.11. The values shown in 
the  f ig u re  are changes fro m  the 3 percent maximum gradient 
d e s ig n  c o s t ,  r a th e r  than the  abso lu te  va lue . As w ou ld  be 
expected from  the fue l consumption tests discussed in Chapter 8,
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the  operation costs show a wide varia tion , and consequently the 
t o t a l  c o s ts  show  a g re a t s e n s it iv ity  to  v e h ic le  ty p e . The 
Peugeot car, which was the least a ffec ted  by gradient, produces 
a m in im u m  to ta l cos t w ith  a maximum gradient of 3 percent, 
w he reas  the  a r t ic u la te d  goods v e h ic le , w h ich  was the  m ost 
a f fe c te d  by g ra d ie n t, produces a m in im u m  to ta l cost at the 
m inimum  gradient design.
10.4.3 E ffect of Variation of Vehicle Speed
The e f fe c t  o f v e h ic le  speed has been examined by ca lcu la ting 
c o s ts  f o r  in d iv id u a l ve h ic le s  t ra v e ll in g  a t d i f fe re n t  speeds. 
The Peugeot was the only car capable o f ascending gradients up 
to  and in c lu d in g  4 percent at the three speeds fo r which fue l 
consum ptions tests were undertaken. Table 10.10 shows the to ta l 
energy costs  fo r  each maximum gradient, and fo r the Peugeot 
t r a v e l l i n g  a t each  o f th e  th re e  speeds f o r  w h ic h  fu e l 
consum ption tes t were undertaken (see Chapter 8). The to ta l flo w  
used in  these c a lc u la tio n s  is the same to ta l flow  used in the 
f i r s t  s e c tio n  o f th is  c h a p te r. These results are also shown in 
f ig u re  10.12, aga in  as the change in cost from  the 3 percent 
design, and show th a t  w h ils t  the  to ta l cos t is a f fe c te d  by 
change in speed, the gradient at which the m inimum  cost occurs 
appears to be re la tive ly  unaffected. The magnitude o f the e ffe c t 
upon the change in cost is very small. S im ila r ca lcu la tions have 
also been produced fo r  the two goods vehicle types examined, fo r  
tw o  d if fe re n t  speeds, these re s u lts  be ing p resen ted  in  tab le  
10 .1 1  and f ig u r e  1 0 .1 3 . These re s u lts  also show th a t  the  
g ra d ie n t a t w h ich  the  m in im um  to ta l cost occurs is re la tiv e ly  
u n a ffe c te d  by changes in vehicle speed, and th a t the e ffe c t of 
ch a n g e  in  v e h ic le  speed upon the  change in  to ta l  co s t is 
generally very small.
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10.5 The Effects Of Minimum Vertical Curve Standards
To examine the e ffec ts  o f the m inimum ve rtica l curve standards, 
a l t e r n a t iv e  d e s ig n s  have  been p ro d u c e d  fo r  th re e  ground 
p r o f i le s .  T hese  d e s ig n s  use m in im u m  v e r t ic a l cu rve  ra d ii 
co rre spond ing  to d iffe re n t design speeds. The use o f only three 
ground p ro f ile s  was a re s tr ic tio n  imposed due to the available 
co m p u te r resources. The use o f a g rea te r number o f p ro files  
w ou ld  have l im ite d  the  number of design standards tha t could 
have been s tu d ie d . The three ground pro files  were selected to 
g ive  one each w ith  high, average, and low hilliness values. The 
costs fo r  these designs have been calculated on a per k ilom etere  
basis, and then averaged to give a mean cost per k ilom etre  fo r 
the  th re e  p ro f ile s .  The use o f per k ilom etre  costs o ffse ts  any 
b ia s  due to  v a ry in g  ground p ro f i le  le n g th s . The a lte rn a t iv e  
designs are considered in three groups.
The f ir s t  se t o f designs used the  s tanda rd  m o to rw a y  design 
produced by the HOPS program VENUS as input to M INERVA, and 
the  a lte rna tive  curve standards were only input to MINERVA. The 
a lte rn a t iv e  s tandards used in th is set o f designs had m inimum  
ra d ii o f c u rv a tu re  corresponding to design speeds o f 120, 100, 
and 80 km ph, in  addition to the con tro l m otorway design. The 
cu rve  rad ii, and the costs fo r  these designs are shown in table 
10.12.
The second group o f designs was essen tia lly  a repeat o f the 
f i r s t  se t, but in th is case a run of VENUS was made w ith  each o f 
the a lte rna tive  curve standards, and the output o f th is run used 
as in p u t to the corresponding run of M INERVA. The purpose o f 
th is  second group was to  exam ine the  e ffe c ts  o f the in it ia l 
v e r t ic a l alignment design used as input to MINERVA. The results 
of th is second group of designs are shown in table 10.13.
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The f in a l se t o f designs used the  same m in im u m  r a d i i  o f  
c u rv a tu re  as th e  o the r two sets, but w ith  the m inimum  curve 
le n g th  reduced to the m inimum  recommended value fo r each design 
speed as discussed in Chapter 5. A pre lim inary run o f VENUS was 
made fo r  each o f the  designs. The results o f these runs are 
shown in tab le  10.14.
These th re e  sets of results are shown in figure 10.14. A l l the 
re s u lts  show th a t as the m inimum curve values are reduced, the 
t o t a l  e n e rg y  c o s t in c re a s e s . T h is  is because the  t ig h te r  
v e r t ic a l cu rves  w i l l  g e n e ra lly  enable the  road p ro file  to f i t  
the  ground p ro f i le  m ore c lo s e ly , re s u lt in g  in  a h i l l ie r  road 
p r o f i le  w i th  h ighe r o p e ra tin g  costs , b u t lo w e r c o n s tru c tio n  
cos ts . In a l l cases the  decrease in  the  c o n s tru c tio n  cost is 
less than  the  inc rease  in  the  o p e ra tin g  cost, resu lting in  an 
o v e ra ll cos t in c rea se . The f ir s t  two sets o f designs appear to 
re a c h  a 'p la te a u ' va lue , beyond w h ich  th e re  is no fu r th e r  
in c rease  in  to ta l cost. An exam ination of the designs produced 
by M IN E R V A  shows tha t the ve rtica l curves reach a stage where 
th e y  w ill not reduce fu rth e r because of the res tric tions  imposed 
by the  m inim um  curve length and the maximum gradient standard. 
T h e re fo re  in  the  f i r s t  two groups, the sm aller m inimum  curve 
ra d ii va lues s p e c ifie d  are never a tta in e d . In the  last group, 
the  re d u c tio n  in  the  curve length removes this re s tr ic tio n  and 
no such 'p lateau' value is reached.
The varia tions between the three sets o f designs p roduce some 
unexpected  resu lts . The f ir s t  group, w ith  no p re lim inary  VENUS 
run , have lo w e r c o n s tru c tio n  costs  and higher operating costs 
than  the group w ith  a pre lim inary VENUS run, and a tta in  a higher 
'p la te a u ' to ta l  co s t. This re s u lt  is s u rp r is in g , as i t  suggests 
th a t  M IN E R V A  has achieved its aim of op tim iz ing  construction  
cost more sa tis fac to rily  w ithou t a p re lim inary VENUS run. I t  had 
been antic ipated th a t MINERVA would be able to produce a be tte r 
o p t im iz a t io n  i f  the  in i t ia l  a lig n m e n t was as close as possible 
to the fin a l a lignm ent, as should be the case when the input was
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from  a VENUS run w ith  the same design standards. W h ils t the  
d iffe re n c e s  a re , in  pe rce n ta g e  terms sligh t, th is resu lt is fe lt  
to  in d ic a te  an in e f f ic ie n c y  in  the  op tim iza tion  process w ith in  
M INERVA.
The e f fe c t  o f a lte r in g  the  m in im u m  cu rve  le n g th  has also 
p ro d u c e d  some s u rp r is in g  re s u lts . The e x p e c ta tio n  was th a t 
re d u c in g  the  curve length would increase the to ta l cost in the 
same way as re d u c in g  curve rad ii. W hilst th is is the case fo r 
the  tig h te s t curves examined, the two in term edia te  curve values 
show s lig h t ly  decreased to ta l cos ts , when compared w ith  the 
e q u iv a le n t designs in the second group of tests. The change is 
s l ig h t ,  bu t an e x a m in a tio n  o f the  ground pro files  shows tha t 
some s ig n ifica n t changes have taken place. Table 10.15 shows the 
number of ve rtica l curves produced by the HOPS programs fo r each 
o f the  designs, fro m  the la tte r  two groups w ith  a p re lim inary  
VENUS run . This shows th a t  the  shorter curve lengths enable 
designs to  be produced w ith  more curves fo r  two of the three 
g ro u n d  p r o f i le s .  T a b le  10.16 shows the  to ta l m oney costs
c a lc u la te d  by M IN E R V A  fo r  each o f the designs in these two 
groups. These costs show tha t in several instances M INERVA has 
m anaged to  produced cheaper designs when i t  has been more 
r e s t r ic te d  w ith  a lo n g e r m in im u m  cu rve  le n g th  va lue . This 
suggests th a t  th e re  is an e le m e n t o f v a r ia b i l i t y  w ith in  the 
o p t im iz a t io n  process in  M IN E R V A , and th a t  the  d iffe re n c e s  
be tw een  the three groups o f designs are actua lly  due to M INERVA. 
F ig u re  10.14 shows th a t  these d ifferences are re la tive ly  sm all
when compared w ith  the to ta l cost change caused by the change in 
the design standards.
Thus i t  is possible to conclude th a t reducing the v e rtica l curve 
ra d ii w i l l  in c rease  to ta l energy costs, un til a plateau value is
reached at which the m inimum curve length becomes the lim itin g  
c o n s tra in t.  R educing  the  cu rve  le n g th  and the m inim um  ra d ii
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results in a steady increase in cost w ith  no plateau value. The 
a d d it io n a l d iffe re n ce s  between the three sets o f data shown in 
f ig u re  10.14 are th o u g h t to  be due to  v a r ia b ility  w ith in  the 
op tim iza tion  process in the program MINERVA.
10.6 The Effects of Formation Width
The e ffec ts  o f fo rm ation  w id th  have been examined by producing 
designs fo r  fo u r  a lte rn a t iv e  road w id th s  fo r  a se t o f three 
g ro u n d  p r o f i le s .  The re m a in in g  v e r t i c a l  a lig n m e n t design 
constra in ts  used were fo r the m otorway design used as a contro l 
in  a l l  th e s e  te s ts .  The a lte rn a t iv e  designs have fo rm a tio n  
w id th s  as in d ic a te d  be low . These w id ths  are fo r typ ica l U .K . 
roads and represent the fo llow ing  types:-
35.6 m etres - Dual three lane m otorway.
26.1 metres - Dual 7.3 m etre carriageway road.
19.85 metres -  Dual 7.3 m etre carriageway road, w ith  m inim um  
kerbside and centra l reserve widths.
11.3 metres -  Single 7.3 m etre road w ith  m in im um  ke rbs id e  
trea tm en t.
The re s u lts  o f the  energy c a lc u la tio n s  fo r  these designs are 
p resen ted  in  ta b le  10.17, and f ig u re  10 .15. The construc tion  
co s t increases s te a d ily  w ith  increasing fo rm ation  w idth, but is 
no t d ire c t ly  p ro p o r t io n a l.  The 35.6 m etre road, which is over 
th re e  tim e s  the  w id th  o f the  11.3 m etre design, has s ligh tly  
less than double the construction cost.
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The in d ire c t re lationship between fo rm ation  w id th  and earthwork 
vo lum es is because a considerable proportion o f the earthworks 
w i l l  be re la te d  to  depth o f construction, and not to w id th  of
c o n s tru c tio n , as shown in  the sketches below. The volumes of
m a te r ia l in  the  shaded areas w i l l  be a function  o f the side
slope values and the depth or height o f construction, only tha t
p o r t io n  o f the earthworks tha t lies d ire c tly  above or below the 
fo rm a tion  w ill be a ffec ted  by fo rm ation  w idth.
F igure 10.16 shows how the percentage o f the earthw ork vo lum e 
th a t  is rep resen ted  by the shaded areas varies w ith  the w id th  
and d e p th  o f c o n s tru c tio n . This shows th a t  the  pe rce n ta g e  
increases ra p id ly  as the  dep th  o f c u t or f i l l  increases, and 
also increases as the road w id th  decreases. For a 5 m etre cu t or 
f i l l  the  p ro p o rt io n  is 22 pe rcen t fo r a 35.6 m etre fo rm ation , 
and 43 p e rce n t fo r  an 11.3 m etre fo rm ation , increasing to 36
p e rc e n t and 64 percent respective ly fo r a 10 m etre depth. I t  is 
because only a ce rta in  percentage o f the earthworks are a ffec ted  
by  f o r m a t io n  w id t h  t h a t  e a r t h w o r k  v o lu m e s  in c re a s e
proportiona lly  less than road w idth.
The operation cost also changes w ith  fo rm ation  w id th , and th is  
can be seen in the d is tribu tion  o f the to ta l cost values p lo tted  
in  f ig u re  10.15. The varia tion  in operating cost is greater than
th e  v a r ia t io n  in  c o n s t r u c t io n  c o s t ,  p ro d u c in g  an o v e ra ll 
decrease in cost w ith  increasing road w id th , although the change
in  o p e ra tin g  cos t is e r ra t ic .  Figure 10.17 shows the operating 
co s t fo r  these designs fo r  each o f the  ground p ro files . This 
shows th a t two of the pro files show an osc illa ting  cost, and the 
th ir d  p ro f i le  has a steady reduc tion  in cost as the fo rm ation  
w id th  inc reases . The change in operating cost is brought about
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by M IN E R V A  a lte r in g  the  a lig n m e n ts  in o rd e r to  keep th e  
earthw orks balanced, as fo r  these designs MINERVA did not im port 
o r export s ign ifican t quantities o f m ate ria l. The need to change 
th e  a lig n m e n ts  to  ba lance the  e a rth w o rk s  suggests th a t  the 
le n g th s  o f c u t and f i l l  are probably not equal. I f  the lengths 
had been equal, the mean depths would have been s im ila r (as the 
e a r th w o rk s  a p p ro x im a te ly  ba lance in  a l l these cases), and 
changes in fo rm ation  w id th  would have a ffec ted  the volumes of 
c u t and f i l l  equally. In th is case MINERVA would not have needed 
to  a lte r  the  alignm ents. Table 10.18 shows the re la tive  lengths 
o f cu t and f i l l  fo r each o f the three ground pro files , and each 
w id th ,  and th is  i l lu s t r a te s  th a t the  le ng ths  are g e n e ra lly  
unequal.
10.7 The Effects of Overall Design Strategies
T h is  s e c tio n  exam ines the  resu lts  o f an investigation in to  the 
e f fe c ts  of an overa ll change in design standards. This has been 
u n d e rta ke n  by p rodu c ing  a lte rn a t iv e  v e rtic a l alignm ent designs 
co rre spond ing  to d iffe re n t design speeds and flows. The sets of 
design s tandards used are shown in table 10.19, and correspond 
to the fo llow ing  road types:-
Three lane m otorway.
Dual 7.3 m etre carriageway - 120 kph.
Single 10.0 m etre carriageway -  100 kph.
Single 7.3 m etre carriageway - 80 kph.
Three lane m otorway - 80 kph sight distances.
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The design standards a ffec ted  by these design changes are those
th a t  have  been  exam ined in  the  p rev ious  se c tion s  o f th is
C hapter:-
Maximum gradient.
M inimum  ve rtica l curve rad ii.
M inimum  ve rtica l curve length.
Form ation w idth.
The design s tandards were used to produce a lte rna tive  designs 
fo r  a se t o f th re e  ground p ro file s , and the energy costs are
shown in  ta b le  10.20. The costs are presented as the average 
cost fo r the three alignments per k ilom etre .
As the design speed fo r the road reduces, the design co n s tra in ts  
are eased, and this enables a road p ro file  to be designed th a t
f i t s  the  ground p ro f i le  more closely. This can be seen in the 
e n e rg y  c o s ts  show n in  ta b le  10.20, the  c o n s tru c tio n  cos t 
decreas ing  w ith  speed, and the  opera ting cost increasing w ith  
speed due to  the  consequently h illie r  road p ro file . The change 
in  o p e ra tin g  cos t is g re a te r than  the  change in construction 
co s t, so the  ne t re s u lt  is an inc rease  in  to ta l  cost w ith  a 
decrease in design speed.
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The s e n s it iv ity  te s ts  und e rtake n  in  the  f i r s t  p a r t  o f  th is  
C h a p te r  show th a t these re s u lts  are g e n e ra lly  s e n s itiv e  to  
changes in operating cost. As the road types considered in th is
s e c tio n  w i l l  ge n e ra lly  experience decreased flow  w ith  decreased 
d e s ig n  s ta n d a rd ,  th e  t o t a l  c o s ts  h ave  a d d i t io n a l ly  been 
c a lc u la te d  fo r  reduced t r a f f ic  volumes. This a lte rna tive  set of
f lo w s , a n d . the  re su ltin g  to ta l energy costs are shown in table 
10 .21. F o r the  f i r s t  tw o  flo w s  (0.5 and 0.25 o f the orig ina l 
f lo w )  the  m o to rw a y  remains the design w ith  the lowest energy
c o s t. As the  f lo w  decreases fu r th e r ,  the  lo w e s t energy cost 
design changes:-
A nnua l f lo w  604000 v e h ic le s  -  lowest cost design Dual 7.3 
m etre road.
A nnua l flow  302000 vehicles -  lowest cost design Single 10.0
m etre  road.
A nnua l f lo w  151000 vehicles -  lowest cost design Single 7.3 
m etre road.
These flows can then be compared w ith  the average annual flow s 
fo r the d iffe re n t road classes in the U .K .:-
Trunk road 3451000 vehicles per year.
P rinc ipa l road 1640000 vehicles per year.
'B* road 622000 vehicles per year.
'C' road 311000 vehicles per year.
Unclassified roads 103000 vehicles per year.
Page 10.26
Chapter 10
Results
A comparison o f these two tables shows th a t i t  would be more
e co n o m ica l fro m  an energy point of view i f  these roads were
b u i l t  to  s ig n i f ic a n t l y  h ighe r s tandards than  those used a t 
%p resen t. The lowest energy cost design corresponding to the flow  
on each class o f road would be:-
Trunk roads -  m otorway design.
P rinc ipa l Roads - m otorway design.
'B' class roads - Dual 7.3 m etre carriageway design.
'C ' class roads - Single 10.0 m etre design.
Unclassified roads -  Single 7.3 m etre design.
Comparing th is table w ith  the  recom m ended standards u sua lly  
adopted fo r  the  d if fe re n t  road classes, shows th a t the lowest 
energy cost design in each case is probably about two categories 
higher than tha t used at present.
The p ro f ile s  produced fo r  th is  se t o f design s ta n d a rd s  f o r  
ground p ro f ile  9 are shown in figures 10.18 to 10.22. These are 
fo r  the  same ground p ro file  as the example pro files  shown fo r 
the  m axim um  gradient tests. Figure 10.18 is the same m otorway 
design as shown in  f ig u re  10 .4 , and is only repeated to aid
com parisons be tw een the  p ro file s . These figures show how the 
lo w e r design speed standards enable the road p ro file  to f i t  the 
ground p ro f ile  much more closely. This is pa rtcu la rly  noticeable
on the f ir s t  shallow valley encountered im m ediate ly at the s ta rt 
o f the  p ro f i le ,  w h ich the m otorway alignment has been to ta lly  
unable  to penetrate. As the design standards decrease, the road
p r o f i le  p e n e tra te s  d e e p e r, and fo r  th e  s in g le  7.3 m e tre
carriagew ay design i t  matches the ground p ro file  almost exactly . 
This is a function  o f the changes to both the gradient and the 
v e r t ic a l cu rve  s tandards, as can be seen by co m p a rin g  th is 
design w ith  the single 10.3 m etre carriageway design and the 80 
kph m o to rw a y  design. The single 10.3 m etre carriageway design 
has the  same g ra d ie n t, b u t la rg e r  v e r t ic a l curve constra in ts,
Note tha t this comparison does not include the costs of surfacing and structures.
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and is less able to f i t  th is shallow valley than the s lo w e r 7.3 
m e tre  carriagew ay design. The 80 kph m otorway design has the 
same v e r t ic a l cu rve  s tandards , but a lower m aximum gradient 
s ta nda rd , and is also less able to  f i t  th is  va lle y . Therefore 
th e  im p ro v e d  f i t  o f  th e  ro a d  p r o f i le  fo r  the  7.3 m e tre  
carriagew ay is due to a com bination o f the reduced curve rad ii 
and length and the increased gradient.
The 80 kph m otorway design can also be com pared  w ith  the
s tanda rd  m otorway design, as the only d iffe rence between the two 
is  th e  v e r t i c a l  cu rve  ra d ii .  The s tanda rd  m o to rw a y  design 
c le a r ly  shows the  c o n s tra in in g  e ffe c t o f the m inim um  ve rtica l 
c u rve  s tandards . The f la t t e r  curves o f th is design reduce the 
a b i l i t y  o f the  road p ro f i le  to  fo llo w  the  ground p ro file , and
resu lt in  a p ro file  th a t has generally shallower gradients.
These figures show the re la t io n s h ip  be tw een  the  g ra d ie n t and 
v e r t ic a l cu rve  co n s tra in ts , fo r an undulating ground p ro file  the 
m in im u m  cu rve  values may in themselves re s tr ic t the maximum 
g ra d ie n t to  va lues lo w e r than  the  m axim um  standard applied. 
There fore  changes to  the maximum gradient may have l i t t le  e ffe c t 
i f  the ve rtica l curve values rem ain the same.
10.8 The E ffect of a Minimum Gradient Constraint
A m in im u m  g ra d ie n t s tandard  is norm ally applied to roads to
prov ide  adequate drainage (see Chapter 5). This section looks at 
th e  e f f e c t  o f th is  s tanda rd . A lte rn a t iv e  designs have been
produced w ith  and w ithou t a m inimum gradient standard fo r  a set 
o f th re e  ground profiles. The average energy costs per k ilom etre  
fo r these designs are shown in Table 10.22.
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These results show tha t removing the m inimum gradient standard 
reduces the  c o n s tru c tio n  energy co s t, increases the operating 
c o s t, and produces an overa ll increase in cost. This is thought 
to  be because rem oving this constra in t enables a closer f i t t in g  
road p ro f ile  to be obtained. Previous examples have shown tha t 
c lo se r f i t t i n g  p ro f ile s  have lo w e r c o n s tru c tio n  costs, but are 
g e n e ra lly  h i l l ie r  and thus have increased operating costs. Thus 
th is  matches the results from  the other sections, where a more 
constrained alignment tends to have lower to ta l energy costs.
10.9 The Effects of Alternative Side Slope Gradients
The side slope gradient used in the designs examined so fa r has 
been 1 in  2 .0 , re p re s e n tin g  ty p ic a l values in use a t present. 
The purpose o f th is section is to examine the e ffe c t upon energy 
costs  o f a lte rn a t iv e  c o n s tru c tio n  techn iques  ena b ling  steeper 
side slope gradients to be used. Examples of this would be the 
use o f re in fo rc e d  e a rth , o r d iaphragm  walls. The construction 
costs  exam ined in  th is  s e c tio n  on ly  in c lud e  the  cost o f the 
e a rth w o rk s , and do not include the additional energy cost th a t 
m ig h t be in c u rre d  by methods such as these. The ob jective  o f 
th is  p a r t ic u la r  in v e s tig a t io n  is to  see whether there is like ly  
to  be any s ig n if ic a n t  saving in energy costs, and not to fu lly  
quantify  the the e ffe c ts  o f d iffe re n t construction methods.
A lte rn a tive  road designs were produced using side slopes o f 1 in  
2 .0 , 1 in  1 .5 , 1 in  1 .0 , and v e r t ic a l.  These designs w ere
produced fo r  a se t o f th re e  ground p ro file s , and the energy 
costs  per k ilom etre  were averaged to give the mean energy costs 
shown in  ta b le  10.23 and f ig u re  10.23. The construction cost 
va lues show the expected resu lt th a t steeper side slopes reduce 
c o n s t r u c t io n  e n e rg y  c o s ts ,  due o f course to  the  reduced
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earthwork volumes. However, the operating cost is also a ffected , 
and the  re s u lt in g  to ta l energy cos t f ig u re s  show a genera l 
decrease w ith  s h a llo w e r side slopes, w ith  a sharp increase fo r 
the 1 in 1.0 to ta l cost.
These costs  can be com pared w ith  the  costs fo r changes in 
fo rm a t io n  w id th , a lthough  in  th is  case i t  is the  vo lum e  of 
m a te r ia l not d ire c t ly  above or be low  the  fo rm a tio n  th a t is 
chang ing . F o r side s lopes, the  c o n s tru c tio n  cost varies more 
ra p id ly  betw een 1 in 1.0 an 1 in 1.5 than at higher or lower 
side slope g ra d ie n ts . F o r fo rm a tio n  w id th  the reverse is the 
case, w ith  the  g re a te s t change in  c o n s tru c tio n  cos t a t the  
h ighe r and lower w id th  values. In both cases the operating cost 
g e n e ra lly  decreases w ith  increasing earthwork volumes, but fo r 
fo rm a tion  w id th  one value shows a sharp decrease.
Thus w h ils t  increased  e a rth w o rk s  inc rease  th e  c o n s t r u c t io n  
energy costs , th e re  seems to be a general trend fo r operating 
costs  to decrease w ith  increased earthwork volumes, resu lting in 
generally decreasing to ta l costs.
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The small number o f p ro files examined in these te s ts  suggests 
t h a t  th e  r e s u l t s  c o u ld  h a v e  b e e n  in f lu e n c e d  by th e  
c h a ra c te r is t ic s  o f one p ro file . Figure 10.24 shows the operating 
costs  per k ilo m e tre  fo r  each o f the three pro files, and shows 
th a t  i t  is in  fa c t a single p ro file  th a t is responsible fo r most 
o f the  change. The sketches below show the designs produced fo r 
th is alignm ent fo r side slopes o f 1 in 2.0, and 1 in 1.0.
Side slope 1 in 2.0
Side slope 1 in 1.0
These sketches show th a t the  s teepe r side s lope g ra d ie n t has 
caused the  road p ro file  to be higher, resulting in an increased 
o p e ra tin g  c o s t. The steeper side slope has greatly  reduced the 
am ount of f i l l  required to cross the deep valley, and as MINERVA 
has balanced the cu t and f i l l  volumes in each case the amount o f 
c u t required has reduced. As the cu t is shallower than the f i l l ,  
i t  requires a greater reduction in the mean cu t depth to give a 
s u f f ic ie n t  re d u c tio n  o f c u t fo r  the  c u t and f i l l  to  balance, 
thus the  road in  c u t has had to move up to reduce the cu t 
vo lum e. Figure 10.25 shows the percentage o f earthwork m a te ria l 
th a t  is re la ted  to side slope areas fo r changing depth, and fo r 
th e  fo u r  d i f f e r e n t  side slopes used. Th is  shows th a t  w ith  
in c reased  dep th , the  side s lope p ropo rtion  increases, and th a t 
chang ing  the  side slopes a ffe c ts  deeper construction more than 
shallower construction.
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10.10 The Effects of Level Control Points
L e v e l c o n tro l p o in ts  are p laces where the  level o f the road 
p ro f i le  is constrained. This would norm ally be to provide e ither 
a t-g ra d e , or grade separated crossings w ith  other righ ts  o f way, 
in  the  la t t e r  case the  le v e l is co n s tra in e d  to give adequate 
clearances.
L e v e l c o n tro l in fo rm a tio n  was only available fo r three o f the 
g ro u n d  p r o f i le s ,  (see C h a p te r  4 ) and tw o  o f th e s e  are 
e s s e n tia lly  the  same p ro f i le .  Designs have been produced fo r 
these ground pro files  using m otorway design standards, and w ith  
and w ithou t the level con tro l points. These ground p ro files  were 
fo r  proposed motorways, and thus the standards used corresponded 
to  those used by the engineer when defin ing the level contro ls.
The mean energy costs per k ilom etre  fo r the designs w ith  and 
w ith o u t le v e l con tro l points are shown in table 10.24. The use 
o f the  le v e l c o n tro ls  increases both the construction cost and 
the  o p e ra tio n  co s t. This is considered to be because the level 
c o n tro ls  fo rc e  the  road p ro f ile  away from  the ground p ro file , 
c re a t in g  a h i l l ie r  road p ro file  which is less able to fo llow  the
ground p ro f i le .  D eta ils  o f the level con tro l points are given in
ta b le  10.25, and th is  shows th a t  the  contro ls force the road 
a lignm ent to be as much as 7 metres away from  the ground p ro file  
in  some instances. I t  may also be noted tha t the contro ls  fo rce
the road to be both above and below ground level, thus crea ting
a r t if ic ia l hilliness.
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The o v e ra ll in crease  in  energy cost is 0.27 percent, and this 
less than the  change in cost caused by changing the maximum 
g ra d ie n t s tandard  fro m  e ither 2.0 to 3.0 percent (0.36 percent 
in c rea se ) or 3.0 to  4.0 p e rce n t (0.43 percen t increase). Thus 
w h ils t  the  use o f level contro ls does increase cost, the e ffe c t 
is r e la t iv e ly  sm a ll, being less than a typ ica l 1 percent change 
in maximum gradient.
.11 The Effects of Alternative Horizontal Alignments
Three a lte rn a t iv e  ground pro files  were produced by the author, 
c o n n e c tin g  the  same end points but having d iffe re n t horizonta l 
a lig n m e n ts . These alignments cross an area o f high ground, and 
w ere se le c te d  using d if fe re n t  techn iques , th e y  are described 
m ore fu l ly  in  C h a p te r 4. The m ain  c h a ra c te r is t ic s  o f these 
p ro files  are:-
P r o f i le  17 - le n g th  = 20.8 k ilo m e tre s , h ill in e s s  = 19.6
m e tre s  per k ilo m e tre . This p ro f i le  was se lected to fo llow
valleys and avoid high ground.
P ro f i le  18 -  le n g th  = 19.6 k ilo m e tre s , h i l l in e s s  = 22 .4
m e tre s  per k ilo m e tre . This p ro file  fo llows valleys, but w ith  
one crossing o f a steep ridge.
P ro f i le  19 - le n g th  = 19.3 k ilo m e tre s , h i l l in e s s  = 27 .3
m e tre s  per k ilo m e tre . Th is p ro f i le  is e s s e n tia lly  a r id g e
ro a d , keep ing  to  high ground, and is the  course o f the  
present road.
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The purpose o f selecting these alignm ents was to  exam ine  the  
ba lance  be tw een s e le c tin g  lo n g e r, f la t t e r  ro u te s , and shorter
b u t  h i l l i e r  ro u te s . The ro u te s  a ll have in c re a s in g  h ill in e s s  
w i th  d e c re a s in g  le n g th . The w o rk  p resen ted  e a r lie r  in  th is  
C h a p te r shows th a t  h i l l ie r  ro u te s  w ou ld  probably have higher
energy costs  per k ilom etre , but as they are shorter routes the 
reduced length may o ffse t th is giving a lower overa ll cost.
Road designs have been produced fo r  these p r o f i le s ,  u s in g  
m otorw ay design standards, but fo r  maximum gradients o f 4.0, 3.0 
and 2.0 p e rc e n t, and also a 's tra ig h t line1 design. The energy
costs  fo r  these a lte rn a t iv e  designs fo r  each p ro file  are shown
in  ta b le  10.26, and the  to ta l costs  are p resen ted  in  figu re  
10 .26 . The to ta l costs fo r the routes are consistently d iffe re n t 
e xce p t fo r  the  's t ra ig h t  lin e ' design. The lo w e s t to ta l costs 
fo r  the  m axim um  g ra d ie n t designs are incurred by p ro file  18,
w h ich  has average le n g th  and h illin e ss , and the highest costs 
a re  in c u r r e d  by the  lo nges t bu t f la t te s t  p ro f i le .  The re  is
c le a r ly  a b a la n c e  b e tw e e n  le n g th  and h ill in e s s  fo r  these 
p ro f ile s  w h ich  has been ach ieved  in  p ro file  18, the increased 
le n g th  o f p ro f i le  17 outweighing the reduced hilliness, and the 
increased hilliness o f p ro file  19 overcoming the reduced length.
The e ffe c t o f gradient upon the energy costs o f these p ro f ile s
v a rie s . The f i r s t  tw o  pro files  fo llow  a s im ila r pa tte rn  to tha t 
discussed in section 10.2, w ith  the m inimum to ta l cost being at 
a m axim um  gradient o f less than 2.0 percent. P ro file  19 has a 
m in im u m  cost at a maximum gradient o f about 3.0 percent, and 
show s a cons ide rab le  in c rease  in  cos t be tw een 3.0 and 2.0 
p e rc e n t m axim um  gradient. The construction cost fo r p ro file  19 
shows a very large increase between 3.0 and 2.0 percent maximum 
g r a d ie n t ,  and th is  is because the  n a tu ra l g ra d ie n t o f the  
u n d u la tin g  ridge fo llowed by this route is generally between 3.0 
and 4.0 p e rc e n t, th is  can be seen in the figures presented in
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Chapter 4. When the maximum gradient is less than 3.0 percent, 
the  road is no longe r able to  fo llo w  the ground p ro file , and 
s u b s ta n tia l e a rth w o rks  become necessary, incurring large energy 
costs.
C o n s tru c tio n  costs fo r the three routes are generally re la ted to 
h ill in e s s , excep t fo r the 4 percent design where p ro file  18 has 
a h ighe r co n s tru c tio n  cost than the h ill ie r  p ro file  19. A visual 
exam ination o f these pro files  (see Chapter 4) shows th a t w ith  a 
4.0 p e rc e n t maximum gradient the road p ro file  w ill be able to 
c lo s e ly  fo llo w  the  ground le v e ls  o f p ro file  19, but p ro file  18 
crosses a ve ry  steep sided r id g e , and th e re  w i l l  be a deep 
c u t t in g  fo r  a ll the  g rad ien ts . Thus p ro file  18 has a re la tive ly  
la rg e , a lm o s t f ix e d  c o n s tru c tio n  cost a t th is po int which w ill 
not be greatly  a ffec ted  by maximum gradient.
The operating costs fo r  the alignm ents pe r k ilo m e tre  are also
c lo s e ly  r e la te d  to  h i l l in e s s ,  b u t  th e  f l a t t e s t  p r o f i le  is 
co n s id e ra b ly  lo nge r than  the  o th e r tw o , and this increase in 
le n g th  more than offsets the lower cost per k ilom etre , producing 
the  h ighes t o p e ra tin g  cos t fo r  every maximum gradient. I t  is 
th is  in crease  in  o p e ra tin g  cos t th a t produces the pa tte rn  o f
t o t a l  c o s t f ig u r e s  d is c u s s e d  e a r l ie r .  The re la t iv e ly  s m a ll
in c rease  in  the  le n g th  of p ro file  18 from  p ro file  19 does not 
c o m p le te ly  o ffse t the reduced operating cost per k ilom etre , and 
p r o f i le  18 has the  lo w e s t o p e ra tin g  cos t fo r  a ll g ra d ie n ts  
except the 's tra igh t line ' p ro file .
The 's t ra ig h t  lin e ' p ro f i le  has a d i f f e r e n t  d is t r ib u t io n  o f
costs  fro m  the  o th e r designs, the  to ta l cos t increasing w ith  
h i l l in e s s .  T h is  is because the  dom in an t cost change is in  
c o n s t r u c t io n  c o s t ,  and th is  in c re a s e s  d r a m a t ic a l ly  w i th  
h i l l in e s s ,  le n g th  h a v in g  no s ig n if ic a n t  e f fe c t .  L e n g th  does 
a f fe c t  the  o p e ra tin g  energy costs , b u t th is  cos t increase is 
more than outweighed by the change in construction cost.
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Thus there is a delicate balance between length and hilliness, a
s m a ll increase  in  le n g th  being w o rth  the  saving in hilliness, 
but a la rger increase in length not being w orthw hile .
.12 The Effects of Optimizing for Construction Energy Costs
A l l  the  a lte rn a tiv e  road designs examined in this Chapter have 
been o p tim iz e d  on the  basis o f m in im iz a t io n  o f construction
c o s t, w here the  construction cost is measured in money term s. 
Th is  is because the  objective o f th is research was to examine 
the  e f fe c ts  o f v a ry in g  design standards, and other aspects o f
design w ere kep t to  co n v e n tio n a l techn iques  and values. The 
energy costs o f the various earthmoving operations do not re la te  
d ire c t ly  to  the  m oney costs . Thus optim iz ing the design o f a
road fo r construction energy costs may lead to a d iffe re n t road 
p ro file
The money and energy costs used in th is research w ere:-
Operation Money Energy
Cost Cost
Excavate 15.0 0.339
Spread and Compact 15.0 0.162
Borrow 60.0 0.429
Spoil 95.0 0.283
Haul 0.02 0.0002
The re la tive  energy costs o f borrow and spoil are lower than the  
re la t iv e  m oney costs . The m arginal haul distance ca lcu la ted by 
M IN E R V A  fo r the money costs was 7750 metres. The m arginal haul 
d is tance  is the maximum distance which i t  is economic to  haul 
m a te r ia l a long the construction site , and is sim ply the cost o f 
bo rro w  plus spo il d iv ide d  by the  cos t o f haul. For distances 
g re a te r  than the marginal haul, i t  is more economic to spoil the 
e xca va te d  m a te r ia l and use im ported m ate ria l at the f i l l  s ite .
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The re la t iv e ly  lo w e r energy costs o f borrow and spoil give a
m a rg in a l haul distance o f 3360 metres, less than ha lf tha t fo r 
the  money costs. Thus i t  may be expected tha t designs optim ized
fo r  energy costs w ill use greater amounts o f borrow and spoil,
and lower amounts o f haul.
Designs have been produced using construction energy costs fo r  a 
m o to rw a y  design fo r  th re e  ground p ro f ile s .  The co n s tru c tio n
energy costs fo r  these designs, and the  corresponding designs 
optim ized fo r  money costs are:-
P ro file O ptim ize O ptim ize Percent
For Money For Energy Saving
7 199478 198425 0.53
9 331310 507470 4.52
12 193820 192353 0.76
Thus optim iz ing  fo r  energy only produces very small changes in  
the  c o n s tru c tio n  energy costs. The designs produced fo r energy 
c o s ts  f o r  p r o f i le s  7 and 9 are a lm o s t id e n t ic a l to  those 
produced fo r  m oney costs . The energy op tim iza tion  design fo r 
p r o f i le  12 is s u b s ta n tia lly  d i f fe r e n t ,  w ith  reduced hau l and 
f i l l  vo lum es, and increased  spo il vo lum es com pared w ith  the 
o p t im iz a t io n  fo r  money design, although the ne tt resu lt is only 
a s lig h t change in energy cost. I t  is w orth noting th a t M INERVA 
has managed to  produce a reduction, a lbe it s light, in each case.
.13 Concluding Remarks
This Chapter has presented the results o f an exam ination o f the 
e f fe c ts  o f v e r t ic a l a lignm en t design standards upon the energy 
costs  o f c o n s tru c tin g  and o p e ra tin g  m a jo r ru ra l roads in the 
U n ite d  K ingdom . The e f fe c ts  o f changing the design standards 
in d iv idua lly  have been studied, and also the e ffe c ts  o f combined 
changes to  design s tandards. S um m aris ing  the re s u lts , roads
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b u ilt w ith  m ore c o n s tra in in g  design standards g e n e ra lly  have 
lo w e r o p e ra tin g  energy costs  and h ig h e r c o n s tru c tio n  energy 
cos ts . The decrease in  o p e ra tin g  cos t is usually greater than 
the  inc rease  in  c o n s tru c tio n  cost, leading to a ne tt reduction 
in  the energy cost fo r the road. The detailed conclusions drawn 
from  these results are presented in Chapter 11.
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TABLE 10.1
Effect of Constructing Roads with Different Maximum Gradients
Maximum Energy Costs (Thousands of litres of fuel)
Gradient Construct Operating Cost Total Cost
Percent Cost Annual 30 Year
0.289 126705 58092 2289987 2416692
1.5 19030 58881 2321089 2340119
2.0 13396 59137 2331180 2344576
3.0 8864 59467 2344189 2353053
4.0 6586 59779 2356488 2363074
Note tha t these costs are the to ta ls  of the to ta l costs fo r  each alignment. 
No mileage based weighting has been undertaken.
TABLE 10.2
Mathematical Descriptions of Ground Profiles
Ground
Profile
Hilliness
m/Km
Profile
Ratio
Changes 
Grade/km
Energy Cost 
Construct
(litres/km)
Operate
2 28.84 1.0007843 2.628 92182 499066
3 31.10 1.0008057 7.004 38521 505499
6 31.08 1.0007273 1.714 50172 509510
7 36.76 1.0012309 2.703 53913 517505
8 39.44 1.0013939 3.726 111774 505117
9 41.02 1.0012222 2.400 106302 507500
10 33.69 1.0011037 2.979 64582 504180
12 10.25 1.0002046 3.235 19002 490947
13 35.47 1.0012685 3.125 189508 508292
14 26.63 1.0006283 4.607 69962 505809
15 26.57 1.0007261 3.583 108034 499503
22 13.71 1.0002105 1.444 23083 492564
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TABLE 10.3 
Effect of Hilliness Upon Energy Costs
30 Year Total Costs ■- thousands of litres/km
Ground Mean Cost Maximum Percent Gradient
Profiles H'ness Type 4.0 3.0 2.0 1.5 Flat
12,22 12 Construct 19.8 21.0 24.8 35.9 602.6
Operate 19403 19385 19367 19341 19224
Total 19424 19407 19393 19378 19828
14,15 26.6 Construct 60.9 89.0 118.1 137.6 1217.2
Operate 19969 19815 19674 19609 19237
Total 20030 19902 19792 19754 20453
2,3,6 30.3 Construct 50.9 60.3 106.4 175.1 710.1
Operate 19965 19895 19779 19572 19270
Total 20018 19955 19884 19748 19980
7,10,13 35.3 Construct 85.5 102.7 205.9 384.6 1404.0
Operate 20180 20104 19866 19672 19382
Total 20270 20206 20071 20056 20787
8,9 40.2 Construct 79.6 109.0 215.1 284.0 504.8
Operate 20142 19959 19796 19721 19520
Total 20225 20069 20013 19972 20021
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TABLE 10.4
Costs for Profiles with Differing Survey Station Intervals 
Construction Costs - litres per kilometre 
HillinessProfile Interval 
Metres
5
15
200
40
22.3
26.6
4.0
57564
66440
Maximum Percent Gradient 
3.0 2.0
79114
108034
113924
131575
1.5
11
12
200
100
8.5
10.2
21728
19002
21728
19002
21421
21881
27044
25792
21
20
100
50
12.6
14.1
19227
21658
23
22
100
50
12.6
13.7
23224
23083
TABLE 10.5
Effect of Site Conditions Upon Energy Costs
Costs in thousands of litres o f fue1
Percent Construction Cost Total Cost
Grade Good Average Poor Good Average Poor
0.289 71959 126705 210497 2361946 2416692 2500484
1.5 11092 19030 32363 2332260 2340198 2353531
2.0 7819 13396 22903 2339078 2344655 2354162
3.0 5165 8864 15064 2349393 2353092 2359292
4.0 3827 6586 11068 2360433 2363192 2367674
Page 10.41
Chapter 10
Results
TABLE 1 0 .6
E f f e c t  o f  V a r i a t i o n  i n  T o t a l  V e h i c l e  Numbers
T o t a l  Energy  Costs  -  m i l l i o n s  o f  l i t r e s  o f  f u e l
Percent
Gradient x0.25
Vehicle Flow Factor 
x0.5 xl.O x2.0 x4.0
0.289 699.2 1271.7 2416.7 4706.7 9286.7
1.5 599.3 1179.6 2340.1 4661.2 9303.4
2.0 596.2 1179.0 2344.6 4675.8 9338.2
3.0 595.0 1181.0 2353.1 4697.3 9385.7
4.0 595.7 1184.9
TABLE
2363.1
10.7
4719.6 9432.6
Annua1 Two Way Vehicle Flows for Differing Road Types
Road Type Cars Goods Vehicles 
Two Axle Artie
Total
Flow
Percent
Goods
Busiest M'way 21184600 3230250 2544050 26958900 21.42
Average M'way 8920497 113665 989027 10023189 19.08
Trunk & M'way 4103847 416330 313828 4834005 15.10
Trunk Only 3142505 278680 181315 3602500 12.77
Quietest M'way 1434450 262800 204400 1901650 24.57
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TABLE 10.8
Effect of Vehicle Flows for Differing Road Types
Total Energy Cost - millions of litres of fuel
Percent Busiest Average Trunk & Trunk Quietest
Gradient Motorway Motorway Motorway Only Motorway
0.289 14344.8 5783.2 2416.7 1749.7 1177.8
1 • 5 14448.4 5758.0 2340.1 1663.0 1086.3
2.0 14511.5 5779.2 2344.6 1664.2 1085.9
3.0 14595.3 5809.1 2353.1 1668.4 1088.1
4.0 14676.6 5839.4 2363.1 1674.4 1092.3
TABLE 10.9
Effect of Different Vehicle Types
Total Energy Cost - millions of litres of fuel
Percent Mini Escort Peugeot Two Axle Artie.
Gradient Lorry Lorry
0.289 1395.4 1539.6 1842.0 3894.4 8257.6
1.5 1305.2 1447.7 1741.7 3851.6 8339.7
2.0 1305.3 1447.2 1738.6 3867.0 8395.9
3.0 1308.0 1449.4 1737.2 3889.7 8470.6
4.0 1312.6 1453.4 1737.8 3913.1 8543.6
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TABLE 1 0 .1 0
E f f e c t  o f  V a r i a t i o n  o f  V e h i c l e  Speed -  Peugeot 504
T o t a l  Energ y  Cost -  m i l l i o n s  o f  l i t r e s  o f  f u e l
Maximum 80 kmph. 96 kmph. 106 km]
Gradient
0.289 1842.0 1954.3 2186.9
1.5 1741.7 1856.8 2087.9
2.0 1738.6 1854.6 2085.1
3.0 1737.2 1854.2 2084.2
4.0 1737.8 . 1856.0 2085.4
TABLE 10.11
Effect of Variation of Vehicle Speed - Goods Vehicles 
Total Energy Cost - millions of litres of fuel
Maximum Two Axle Lorry Articulated Lorry
Gradient 64 kmph 80 kmph 64 kmph 80 kmph
0.289 3603.5 3894.4 7211.0 8257.6
1.5 3545.6 3851.6 7347.0 8339.7
2.0 3556.2 3867.0 7420.6 8395.9
3.0 3572.5 3889.7 7512.1 8470.6
4.0 3590.0 3913.1 '7612.2 8543.6
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TABLE 10.12
Effect of Minimum Vertical Curve Radius upon Energy Costs 
No Preliminary VENUS run 
Energy Costs (Thousands of litres of fuel per kilometre)
Sag
Radius
Summit
Radius
Construct
Cost
Operate
Cost
Total
Cost
9000 18000 66 .0 19702.4 19768.4
7500 10500 63.0 19826.1 19889.1
5000 5000 57.8 19951.8 20009.6
2000 1000 57.8 19953.5 20011.3
TABLE 10.13
Effect of Minimum Vertical Curve Radius upon Energy Costs 
With Preliminary VENUS run 
Energy Costs (Thousands of litres of fuel per kilometre)
Sag
Radius
Summit
Radius
Construct
Cost
Operate
Cost
Total
Cost
9000 18000 66.0 19702.4 19768.4
7500 10500 62.9 19804.4 19867.3
5000 5000 61.3 19842.0 19903.3
2000 1000 61.3 19843.4 19904.7
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TABLE 10.14
Effect of Minimum Vertical Curve Radius upon Energy Costs
With Small Minimum Length and Preliminary VENUS run
Energy Costs (Thousands of litres of fuel per kilometre)
Sag Summit Curve Construct Operate Total
Radius Radius Length Cost Cost Cost
9000 18000 300 66.0 19702.4 19768.4
7500 10500 60 64.6 19737.4 19802.0
5000 5000 50 59.1 19802.6 19861.7
2000 1000 30 55.2 20024.3 20079.5
TABLE 10.15
Effect of Minimum Curve Length on Number of Vertical Curves 
Design Speed 120 120 100 100 80 80
Curve Length 300 60 300 50 300 30
Profile Number of Vertical Curves
8 6 6 6 6 6 6
10 6 8 6 8 6 8
11 9 14 9 14 9 14
TABLE 10.16
Effect of Minimum Curve Length on Construction Cost 
Money Costs - thousands of pounds 
Design Speed 120 120 100 100 80 80
Curve Length 300 60 300 50 300 30
Profile Construction Money Cost
8 413.7 418.4 366.2 427.3 366.1 361.7
10 222.9 230.9 246.2 184.7 246.2 195.0
11 144.5 156.0 153.1 114.6 153.1 138.3
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TABLE 1 0 .1 7
Effect of Formation Width on Energy Costs
Energy Costs (thousands of litres of fuel per kilometre)
Width Construct Operate Total
metres Cost Cost Cost
35.6 66.2 20110.8 20177.1
26.1 54.1 20127.3 20181.4
19.85 52.0 20118.7 20170.1
11.3 34.2 20161.3 20195.4
Lengths of Cut
TABLE 
and Fill for
10.18 
Alternative Width Designs
Profile
Lengths in metres 
35.6m 26.1m 19.85m 11.3m
3 Cut 4280 4400 4260 4380
3 Fill 5000 4880 5020 4900
7 Cut 2100 2000 2300 2100
7 Fill 1600 1700 1400 1600
9 Cut 2200 2000 2500 2300
9 Fill 2800 3000 2500 2700
TABLE 10.19
Design Constraints Used to Study Overall Design Strategies
Design Design Max Min Vert Curve Values Width
Type Speed Grade Sum Rad Sag Rad Length
M'way M'way 3.0 18000 9000 300 35.6
D7.3 120 4.0 10500 7500 60 26.1
S10.0 100 4.0 5000 5000 50 17.0
S7.3 80 5.0 2500 3000 40 14.3
M'way 80 3.0 2500 3000 40 35.6
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TABLE 1 0 .2 0
E f f e c t  o f  A l t e r n a t i v e  O v e r a l l  D e s ig n  S t r a t e g i e s
E n erg y  Costs ( th o u s a n d s  o f  l i t r e s  o f  f u e l  p e r  k i l o m e t r e )
Design
Type
Design
Speed
Construct
Cost
Operate
Cost
Total
Cost
M'way 59.7 19919.6 19979.4
D7.3 120 37.5 20086.5 20124.0
S10.0 100 26.1 20187.4 20213.5
S7.3 80 20.1 20306.8 20326.9
M'way 80 51.5 20082.8 20134.3
TABLE 10.21
Effect of Overall Design and Traffic Volume 
Energy Costs (thousands of litres of fuel per kilometre)
Design Design Annual. Flow - Thousands of Vehicles
Type Speed 2417 1208 604 302 151
M'way 10019.5 5039.6 2549.7 1304.7 682.2
D7.3 120 10080.8 5059.2 2548.4 1292.9 665.2
S10.0 100 10119.8 5072.9 2549.5 1287.8 657.0
S7.3 80 10173.5 5096.8 2558.5 1289.3 654.7
M'way 80 10092.9 5072.2 2561.9 1306.7 679.1
TABLE 10.22
Effect of A Minmum Gradient Standard upon Energy Costs
Energy Costs (Thousands of litres of fuel)
Minimum Construct Operate Total
Gradient Cost Cost Cost
0.4 66.0 19702.4 19768.5
0.0 63.5 19746.6 19810.1
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TABLE 10.23
Effect of Alternative Side Slope Gradients
Energy Costs (Thousands of litres per kilometre)
Side 
Slope
1 in 2
1 in 1.5 
1 in 1 
Vertical
Construct
Cost
Operate
Cost
Total
Cost
92.8
84.0
54.9
46.1
19776.3 
19788.6
19871.4 
19845.8
19869.2 
19872.6
19926.3 
19891.9
TABLE 10.24 
Effect of Level Controls Upon Energy Costs 
Energy Costs - thousands of litres per kilometre
No Controls 
With Controls
Construct Operate 
Cost Cost
44.9
59.1
19515.8
19554.7
Total
Cost
19560.7
19613.8
TABLE 10.25 
Summary of Level Control Points
Ground Profile 2 21 23
Number of Controls 21 49 49
Number Above Ground 9 26 26
Number Below Ground 10  ^9 9
Number At Ground 2 14 14
Mean height above (m) 4.64 2.00 2.00
Mean depth below (m) 2.97 3.25 3.25
Maximum height above (m) 7.05 6.88 6.88
Maximum depth below (m) 6.96 6.98 6.98
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TABLE 10.26
Effect of Different Horizontal Alignments Upon Energy Costs 
Energy Costs - thousands of litres of fuel
Alignment Gradient Construct
Cost
Operate
Cost
Total
Cost
Total 
Cost/km
17 4.0 624.7 410728 411353 19777
18 4.0 1939.8 388487 390427 19920
19 4.0 674.2 400323 400997 20777
17 3.0 791.8 409425 410217 19722
18 3.0 2176.5 387726 389902 19893
19 3.0 3724.5 393470 397195 20580
17 2.0 1923.9 407279 409203 19673
18 2.0 4003.9 385117 389120 19853
19 2.0 15810.1 383552 399362 20692
17 0.26 25390 400193 425583 20461
18 0.28 72871 377140 450012 22960
19 0.28 210319 371374 581693 30139
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11.1 Introduction
This C h a p te r  p resents  the author's conclusions, based upon the 
r e s u l t s  o f  t h is  r e s e a rc h .  The f i r s t  sec t ion  considers the 
research of other authors that relates to energy consumption and 
road design, which is reviewed in Chapter 3.
The second s ec t ion  presents  the conc lus ions f ro m  th e  d a ta  
c o l l e c t i o n  e x e r c is e .  T h is  is subd iv ided  in to  th re e  fu r th e r  
s e c t io n s ,  c o v e r in g  d e s ig n  s ta n d a rd s ,  c o n s t r u c t i o n  ene rgy  
consumption, and operation energy consumption.
The f in a l  s ec t ion  discusses the conclus ions drawn f ro m  th e  
re su lts  o f the au thor 's  e x a m in a t io n  o f road cons truc tion  and 
operation energy costs presented in Chapter 10.
11.2 Conclusions from Literature Review
There  has been ve ry  l i t t l e  research  th a t  has exam ined  the 
e f fe c ts  o f  highway vert ica l alignment design upon energy costs. 
The research  th a t  has been unde rtaken  suggests tha t highway 
im p ro v e m e n ts  may produce overall energy savings, although this 
r e s e a rc h  a d o p te d  a r a t h e r  g e n e ra l is e d  approach, and the  
im p ro v e m e n ts  inc luded  changes to  both vert ica l and horizontal 
alignments.
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There has been some research in to  the energy costs o f  road 
c o n s t ru c t io n ,  bu t th is  has looked at the e ffec ts  of a lternative
road types and materials, and has not examined the e ffec ts  of 
a lte rna tive  design standards.
A considerable amount of research has been undertaken into the 
re la t io n s h ip  between road gradient and vehicle fuel consumption. 
W h ils t  th is  data has in some instances been used to examine case
s tud ies  o f  road improvements, i t  has not been used to provide
any genera lised  re la t ionsh ips  between design standards and fuel 
consumption.
There  is no da ta  exam in ing the e ffec ts  o f road gradient upon 
fu e l  consum p tion  fo r  modern vehicles trave ll ing  on high speed 
major roads in the United Kingdom.
Whilst some authors show tha t individual drivers' techniques can 
have signif icant e ffects  upon fuel consumption, there is no data
a v a i la b le  e v a lu a t in g  t y p i c a l  d r i v i n g  m e th o d s .  Thus i t  is 
necessary to  make assum ptions about d r iv e r  b eh av io u r  when 
calculating vehicle fuel consumptions.
11.3 Conclusions from Data Collection
11.3.1 Design Standards
When this research was commenced, the vert ica l alignment design 
s tandards fo r  a road were selected to provide adequate safety 
and capacity fo r  the required design speed and t ra f f ic  f low .
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Maximum gradients were selected to provide the steepest g rad ien t 
t h a t  would not s ig n i f ic a n t ly  a f f e c t  the average speed of the 
t r a f f i c  u s in g  th e  ro a d ,  th u s  m a x im iz in g  c a p a c i t y  w h i ls t  
m in im iz in g  c o n s t ru c t io n  cos t.  No allowance was made for the 
e f fe c t  o f gradients upon vehicle operating costs.
Vert ica l summit cu rve  ra d i i  were se lec ted  to  a l low  adequate 
s ig h t in g  d is tances fo r  d r iv e rs  to  stop fo r  objects 1.05 metres 
above the carriageway. Sag curve radii were selected to perm it 
the  v e h ic le  headlamps to il lum inate  objects on the carriageway
at the required stopping distance.
Since start ing this research new standards have been in troduced . 
These new standards include two s ignif icant changes to gradients 
and vert ica l curves.
The design of ve rt ica l curves is now based upon drivers sighting 
o b je c t s  0 .26  m e tres  above the ca r r ia g e w a y ,  bu t  a reduced 
stopping distance for modern vehicles results in the recommended 
m in im u m  c u rv e  ra d i i  be ing a lm os t id e n t ic a l  to  the  e a r l ie r
standards. The reduced object height allows fo r drivers sighting
low objects such as fa llen motorcyclists.
The approach to gradient design is now more f le x ib le ,  and the  
e n g in e e r  is e n c o u ra g e d  to  in v e s t ig a te  the use o f  s teeper 
g rad ien ts  where these may reduce costs or environmental damage. 
An economic assessment is now undertaken to calculate the most 
e c o n o m ic  g ra d ie n t  fo r  a proposed road scheme. The a u th o r
c o n s id e rs  th a t  the da ta  and m ethodo logy  p rov ided  fo r  th is  
assessment are not suitable fo r modern major roads.
The data appears to be based upon a study undertaken in 1967, a t 
speeds very much lower than those encountered on modern major 
roads. The accuracy of the methods used in the study to re la te 
f u e l  co n su m p tio n  to  g ra d ie n t  is ques tionab le , and the  da ta  
showed considerable unexplained variation.
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The method of calculating costs on gradients uses a single cost 
cu rve  re la ting cost to gradient. The cost is estimated from the 
cu rve  and then fa c to re d  according to the percentage of heavy 
veh ic les. The use of a single cost curve means tha t these cost 
increases are a lm os t t o ta l l y  in se n s i t iv e  to  v a r ia t io n s  in the 
p ro p o r t io n  o f heavy veh ic les . O the r  re p o r ts  suggest g re a te r  
increases in o p e ra t in g  costs on g rad ien ts ,  and also that the 
cos t increase is h igh ly  se ns it ive  to  the p ro p o r t io n  of heavy 
vehicles.
The low  cost increases indicated by this method w i l l  assist the 
eng ineer in being able to  ju s t i fy  steeper gradients than m ight 
o th e rw is e  be used, part icu la r ly  where high percentages of heavy 
vehicles are using the proposed road.
11.3.2 Road Construction Energy Costs
Energy costs  o f  e a r th w o rk  construc tion  fo r roads vary greatly  
a c c o r d in g  to  c o n s t ru c t io n  s ite  con d it io n s .  Severe c o n d it io n s  
increase the pe rcen tage  o f  t im e  for which earthwork plant is 
o p e ra t in g  at f u l l  pow er, thus increasing the fuel consumption. 
Severe conditions w i l l  also reduce the speed of the plant, which 
w i l l  reduce the production output. Energy costs can be increased 
by a fac to r  of four by the combination of these effects.
11.3.3 Vehicle Operation Energy Costs
There was not found to be any adequate data re la ting the fuel 
consumption of vehicles on high speed rura l roads in the United 
K ingdom  to  v a r ia t io n s  in gradient. This is of some concern in 
v ie w  o f  th e  c a l c u la t i o n s  o f  v e h ic le  o p e ra t in g  cos ts  now 
undertaken to select maximum gradients.
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In order to  ob ta in  a re la t io n s h ip  be tween g ra d ie n t  and fu e l 
consum ption on major rura l roads vehicle fuel consumption tests 
were  unde rtaken  by the au th o r  as part of this research. The 
r e s u l t s  o f  t h e s e  t e s t s  show ed  a c le a r  and c o n s is te n t  
relationship between road gradient and vehicle fuel consumption.
This relationship could be accu ra te ly  exp la ined  by a q u a d ra t ic  
e q u a t io n  r e la t i n g  fu e l  consum p tion  to  road g ra d ie n t ,  these 
e q u a t io n s  b e in g  p ro d u c e d  u s in g  regress ion  ana lys is . These 
equations were of the fo rm :-
Fuel Consumption = a +b.g + c .g^
where g = percent gradient,
and a, b, and c are constants fo r  a part icu lar vehicle and 
speed.
The c o r re la t io n  coeff ic ients  fo r  these equations were very high, 
va ry in g  f ro m  0.9375 to 0.9981, and mostly being above 0.9850. 
Thus a s im p le  equa tion  o f  this type explained the relationship 
accurately.
The data from  the tests undertaken by the author showed a more 
c ons is te n t re la t io n s h ip  be tw een g ra d ie n t  and fuel consumption 
than th a t  o f  o th e r  authors. I t  also indicated tha t gradients of 
less than 4 pe rcen t have a m ore  s ignif icant e f fe c t  upon fuel 
c o n s u m p t io n  o f  l i g h t  v e h ic le s  than is suggested by o th e r  
research.
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11.4 Conclusions from Results of Research
The au tho r  has produced a large number of road designs, using 
a l te rn a t iv e  design s tandard  va lues. F o r  each of these designs
th e  e n e rg y  c o s ts  o f  c o n s t r u c t i o n  and o p e ra t io n  has been 
c a l c u la t e d .  T hese  d e s ig n s  show  th a t  the energy costs  o f
c o n s t ru c t io n  and operation are s ign if icantly  a ffected by changes 
to  v e r t i c a l  alignment design standards, producing changes in the 
to ta l energy cost.
F o r  m a jo r rura l roads in the United Kingdom, and a th i r ty  year
design l i f e ,  o p e ra t in g  energy costs represent about 99 percent 
o f  the  to ta l  energy cos t o f the road (excluding surfacing and 
structures), and earthwork costs less than 1 percent.
The general conc lus ion  f ro m  the resu lts  o f  these a l te r n a t iv e
designs is th a t  in c reas ing  the design constraints upon a road 
w i l l  normally produce a lower to ta l energy cost. This is because 
in c r e a s in g  c o n s t r a in t s  p ro d u c e  a f l a t t e r  road, w i th  lo w e r  
opera ting  costs and higher construction costs, but the change in 
o p e r a t i n g  c o s t  is n o r m a l l y  g r e a t e r  th a n  th e  c h a n g e  in  
c o n s t ru c t io n  cos t.  The excep tion  to this conclusion is the use 
o f  le v e l  c o n t r o l  po in ts ,  w h ich  increase bo th  o p e ra t in g  and 
construction costs.
T h e re  is an i n t e r a c t i o n  b e tw e e n  som e d e s ig n  s tandards, 
p a r t ic u la r ly  maximum gradient and minimum vert ica l curve rad ii 
and length. The use of large radius vert ica l curves may prevent 
the road design from  atta ining the maximum permissible gradient.
For a motorway type road design, the average veh ic le  f lo w  on 
m o to rw a y  and t ru n k  roads, and a th ir ty  year design l i fe ,  the 
maximum gradient standard that produces the minimum to ta l energy 
cos t is about 1.5 percen t. This is considerably lower than the 
m ax im um  g ra d ie n t  a t present used on roads of this type. The
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energy cost saving from  a design w i th  a 4 p e rc e n t  m ax im um  
g ra d ie n t  is about 1 pe rcen t o f  the to ta l  energy cost o f the 
r o a d .  T h is  s a v in g  is g r e a t e r  th a n  th e  e n e rg y  c o s t  o f  
constructing the earthworks fo r  the 1.5 percent gradient road.
W h ils t  the o v e ra l l  energy c o s t  c han ges  w i t h  v a r i a t i o n  in  
c o n s t ru c t io n  energy costs, the maximum gradient at which the 
m in im u m  point occurs is not a ffected by changes in construction 
s i te  c o n d it io n s ,  the ground p r o f i le  h i l l in e s s  or survey station 
intervals.
This m in im u m  po in t  is sensitive to changes in vehicle type or 
num bers, bu t  not vehicle speed (w ith in  the range of speeds on 
m a jo r  r u r a l  roads ) .  Fo r  h igher v e h ic le  f lo w s ,  or increased 
p ropo rt ions  of heavy vehicles the maximum gradient at which the 
m in im u m  to ta l  energy cost occurs decreases. For lower vehicle 
f lo w s ,  or reduced p ro p o r t io n s  o f heavy vehicles the minimum 
p o in t  increases. The v a r ia t io n  is f ro m  a minimum cost at a 
m ax im um  gradient of 3 percent, fo r all cars or 0.25 times the 
average trunk road and motorway vehicle f low , to  a m inimum cost 
f o r  a p r o f i le  w i th  a uniform gradient between the end points, 
f o r  a ll heavy goods vehicles or 4 times the average trunk road 
and motorway f low .
F o r  m o to rw a y  v e r t i c a l  curve standards and the ground profiles 
exam ined , the  s p e c i f ic a t io n  of a maximum gradient o f greater 
than  4 percent produced no change from  a design w ith  a 4 percent 
m ax im um . This was due to  the re s t r ic t io n s  im posed by the 
v e r t i c a l  c u r v e  s tandards, and the  n a tu ra l g ra d ie n ts  o f  the  
ground profiles.
Reducing  the vert ica l curve standards increases the to ta l energy 
c o s ts .  R e d u c t io n  o f the v e r t i c a l  cu rve  va lues p e rm its  the  
a l ig n m e n t  to  make greater use of the maximum gradient, thus 
in c r e a s in g  o p e ra t in g  energy cost and reduc ing  c o n s t ru c t io n  
energy cos t.  The change in operating cost is greater tha t the
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change in construction cost. R e d u c t io n  o f the m in im u m  cu rve  
ra d i i  on ly , reaches a p o in t  where the m in im um  curve length 
becomes the c o n s t ra in t ,  f u r t h e r  re d u c t io n  in ra d i i  having no 
a d d i t i o n a l  e f fe c t .  R educ ing  the cu rve  le ng th  and the  ra d i i  
produces fu rther increases in to ta l energy costs.
The e f fe c t  o f  road w id th  is not ve ry  c le a r .  C hang ing  th e  
fo rm a t io n  w id th  caused MINERVA to a lter the road pro f i le  in 
o rde r  to  keep the  ea rthw o rks  balanced. This change in pro f ile  
a f fe c te d  the operating costs. Consequently the to ta l energy cost 
appeared to generally decrease w ith  increased width. I t  must be 
n o te d  t h a t  th e s e  c a lc u la t io n s  do not inc lude  the costs  o f  
s u r f a c in g  and s t r u c tu r e s ,  w h ich  would  a lm os t c e r ta in ly  be 
a f fe c te d  by w id th .  The conc lus ion  is that reduced w id th  w i l l  
c le a r ly  reduce c o n s t ru c t io n  costs, but not in d irec t proportion 
to  the w id th  re d u c t io n ,  and may also produce unp red ic tab le  
changes in operating cost.
The e f fe c t  o f  a combined design change of increased gradient, 
reduced v e r t i c a l  cu rve  rad ii  and length, and reduced w idth, is 
to  increase o pe ra t ing  energy cos t and decrease c o n s tru c t io n  
energy cost. The increase in operating cost is greater than the 
decrease in c o n s t ru c t io n  cos t,  resu lt ing in an overall increase 
in  e n e rg y  c o s t  w i t h  re d u c e d  ( in  te rm s  o f q u a l i ty )  design 
s tandards. Once again i t  must be noted that these calculations 
have not included the e f fe c t  that reduced road w idth would have 
upon the  energy costs o f s truc tures and surfacing. Calcu lating 
t o ta l  energy costs fo r  reduced vehicle flows fo r  each of these 
re d u c e d  s tanda rd  road designs shows th a t  each design w i l l  
p roduce a m in im u m  to ta l  energy cost for a part icu la r vehicle 
f l o w .  T h is  f lo w  gen e ra l ly  corresponds to a road ty p e  tw o  
ca te g o r ie s  below th a t  fo r  w h ich  the design s tandards  would 
usua lly  app ly . Fo r  exam ple , the minimum energy cost fo r  the 
t r a f f i c  f low  on 'C' roads appears to occur when the alignments 
are constructed to 'A' road standards.
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The use of a minimum gradient standard reduces the to ta l energy 
cos t.  Rem oving the standard results in an increase in operating 
c o s t  and a d e c re a s e  in c o n s t ru c t io n  cos t,  r e s u l t in g  in  an 
increase in to ta l energy cost.
The a l te ra t io n  o f side slope gradients produces s im ilar results 
to  re d u c t io n  in fo rm a t io n  w id th .  S teeper side slope gradients 
reduce c o n s t ru c t io n  costs, but tend to increase operation cost. 
T h is  e f f e c t  is c l e a r l y  d e p e n d e n t  upon the na tu re  o f the 
p a r t ic u la r  p ro f i le .  One of the three profiles examined incurred 
s ig n i f ic a n t  increases in ope ra t in g  cost w ith  steeper side slope 
g r a d i e n t s ,  b u t  t h e  o th e r  tw o  p r o f i l e s  w e re  r e l a t i v e l y  
unaffected.
The use o f le v e l contro l points increases both the construction 
energy cos t and the operation energy cost. This is due to the 
le v e l  c o n t ro l  po in ts  p u l l in g  the road p r o f i le  away f ro m  the 
ground p ro f i le .  This increases the construction cost, because of 
the  increased earthwork volumes, and the operation cost due to 
the a r t i f ic ia l ly  increased hilliness of the road profile .
The s e le c t io n  o f the  h o r iz o n ta l  a l ig n m e n t  o f  a ro a d  can 
s ig n i f ic a n t ly  a f f e c t  the to ta l  energy cost. Where h il ly  te rra in  
is to  be crossed, th e re  is a balance to be achieved between 
p r o f i l e  le n g th  and h i l l in e ss .  The sh o r te s t  bu t h i l l ie s t ,  and 
f l a t t e s t  bu t longes t routes may incur higher energy costs than 
an in termediate route of average length and hilliness.
The use of energy costs to optim ize a road alignment w ith  the 
p rog ram  M INERVA produces l i t t le  change from the same design 
o p t im iz e d  fo r  money costs. Whilst the two types of costs are 
d i f f e r e n t ,  they  are s u f f i c ie n t l y  s im i la r  fo r  the fu n d a m e n ta l 
re la t io n s h ip s  be tween the earthmoving operations to remain the 
same. The use o f  energy costs may produced increased use of 
borrow and spoil in place of long haul distances.
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11.5 Summary o f Conclusions
Roads designed w ith  more constraining design standards tend to 
have lo w e r  t o ta l  energy costs, fo r  the t r a f f i c  conditions on 
m ajor rura l roads in the United Kingdom. In part icu lar, reducing 
the  maximum gradient standard to 1.5 percent could produce an 
o v e ra l l  energy saving o f about 1 percent, for a 30 year road 
l i f e .  T h is  s a v in g  is  g r e a t e r  th a n  th e  e n e rg y  c o s t  o f  
c o n s t ru c t in g  the earthworks fo r  the roads. The present methods 
p rov ided  fo r  e v a lu a t in g  the economic e ffects  of gradients are 
tend ing  to  encourage the use o f  steeper gradients than those 
recommended when this research was commenced.
The conc lus ion  th a t  f l a t t e r  roads save energy is g e n e r a l l y  
in s e n s i t iv e  to  changes in c o n s t ru c t io n  costs, bu t is s trong ly  
sensitive to major changes in vehicle f low  or vehicle type.
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Recommendations fo r  Further Work
12.1 In troduction
This C h a p te r  p resents  the author's recommendations fo r fu r the r  
w o rk  based upon the f in d in g s  o f th is  thes is . This thesis has 
examined an aspect of transport and energy where l i t t le  research 
has been unde rtaken . I t  has shown th a t  the design o f the 
v e r t i c a l  a l ig n m e n t  o f  a road a f fe c ts  the energy costs o f 
c o n s t ru c t in g  and o pe ra t ing  the road. There is a re la tionsh ip  
b e tw e e n  the costs, and the se le c t io n  o f a p p ro p r ia te  design 
s tandards can produce a minimum to ta l energy cost. Thus this 
research  has dem ons tra ted  th a t  a c a re fu l  examination of the 
e f fe c ts  of vert ica l alignment design standards upon energy costs 
is worthwhile.
As th is  thes is  has s tud ied  a re la t iv e ly  new area of research, 
the  au th o r  was unable to use thoroughly researched data from 
o th e r  sources as the  basis fo r  the  c a lc u la t io n s  presented in 
th is  thes is . An exam ple o f  th is  is the fuel consumption tests 
unde rtaken  by the au tho r  as p a r t  o f  th is  s tudy , these tests 
show ing a clearer and more consistent relationship between fuel
consumption and gradient than any available data fo r rura l roads 
in the  United Kingdom. Therefore the author considers tha t there 
is a need f o r  m o re  a c c u ra te  da ta  fo r  the  c a lc u la t io n  o f 
construction and operating energy costs of a road. The data that
is required is discussed in section 12.2.
In addition to the ava ilab il ity  of more accurate da ta , th e re  is 
a need fo r  a re l ia b le  m ethod o f using the data in order to 
c a lc u la te  the e f fe c ts  o f  a l te rn a t iv e  design standards upon the
costs  o f a proposed road design. The author considers that this
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should id e a l ly  be a c o m p u te r iz e d  m e th o d ,  s im i l a r  to  th e  
techn iques  used in the HOPS and COBA programs. This method
should evaluate both money and energy costs fo r  a proposed road 
. design, as i t  may be worthwhile incurring extra expense (money) 
i f  the f in a l  design saves energy. This is discussed fu rther in' 
section 12.3.
12.2 Reqirement for More Accurate Data
This section examines the requirement for more accurate data in 
o rde r to  accu ra te ly  determine the e ffects  of ve rt ica l alignment 
design standards upon both  money and energy costs. Section
12.2.1 discusses the data  fo r  c o n s t ru c t io n  costs , and section
12.2.2 discusses the data fo r  operating costs.
12.2.1 Data Required for Construction Costs
This research has only examined the energy costs of earthworks,
as m ost of the design changes examined in this research were not 
cons idered to a f f e c t  the costs of structures or surfacing. The 
au tho r 's  recommendations for data requirements are discussed by 
road construction operation.
Earthwork Construction
The a u th o r  c o n s id e rs  th a t  the da ta  c a lc u la te d  fo r  th is  
research  prov ides  a reasonab ly  accu ra te  es t im a te  of the 
l i k e ly  energy costs o f earthworks . However, i t  would be a 
v a lu a b le  e x e r c is e  to  c o n f i r m  th e  c o s ts  o f  e a r t h w o r k
c o n s t ru c t io n  by analysing the fuel costs actually incurred on 
a num ber o f t y p ic a l  road s ites . The author also considers
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th a t  a m ethod should be p ro d u c e d  f o r  e s t im a t in g  th e  
co n d it io n s  l i k e ly  to  be encounte red  on a construction site, 
as th e s e  w i l l  d r a m a t i c a l l y  ' e f f e c t  the energy costs o f 
earthwork construction.
Structures Construction
The energy costs o f  s t ru c tu re s  were not examined in this 
re s e a rc h ,  as no d e ta i ls  w ere  a va i la b le  o f  the s t ru c tu re s  
required for the ground profiles examined. I f  a method is to 
be deve loped fo r  ana lys ing  the to ta l  costs o f  a proposed 
road, then accu ra te  da ta  is required fo r the calculation of 
the  energy costs of, various types of s tructure. Data would be 
re q u ire d  fo r  a l te rn a t iv e  types o f  s t ru c tu ra l  materials, and 
a l te rn a t iv e  types of structure design and construction. These 
should be in a fo rm  tha t would enable the input of simple 
da ta  to  a p rogram  capable of producing accurate s tructura l 
costs.
Surfacing Construction
The energy cost o f su r fa c in g  is shown to  be the largest 
s ing le  energy cost in road construction. Thus i t  is im portant 
th a t  the re  is accu ra te  data  fo r  the  energy costs  of the 
m a te r ia ls  and c o n s t ru c t io n  for the two main types of road 
s u r fa c in g .  This in fo rm a t io n  should also be in a fo rm  tha t 
wou ld  enable simple data to be input to  a progam capable of 
c a l c u la t i n g  a c c u r a te  m o n e y  and e n e rg y  cos ts  o f  road 
construction.
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12.2.2 Data Required fo r  Operating Costs
The operating costs of roads designed w ith  a lterna tive  maximum 
g ra d ie n t  s tandards are at present calculated using a simplif ied 
m e thod , based upon data  researched at low speeds using older 
v e h ic le  types than those at present operating on roads in the 
United Kingdom. For this research the author produced new, more 
a c c u ra te  data  r e la t in g  fu e l  consum ption  to gradient for cars, 
and from  this data simple equations were developed re lating fuel 
consum ption to gradient for a part icu lar vehicle and speed. The 
au th o r  considers th a t  th is  data provides an accurate basis for 
u n d e r ta k in g  c a l c u la t i o n s  fo r  the fu e l  consum p tion  o f cars 
trave ll ing  over a lternative alignments.
Data is add it iona lly  requ ire d  p ro v id in g  e q u iv a le n t  in fo rm a t io n  
fo r  c o m m e rc ia l  veh ic le s . This should be produced from  tests 
u s in g  m o d e rn  v e h ic le  t y p e s ,  o p e r a t in g  u n d e r  c o n t r o l l e d  
conditions at the speed of typ ica l commercial vehicles on major 
r u r a l  ro a d s .  F ro m  th e s e  te s ts  s im p le  equations should be 
c a lc u la te d  re la t in g  the fuel consumption of commercia l vehicles 
to gradient.
The equations discussed in the previous paragraphs assume tha t 
the veh ic le  is t r a v e l l in g  a t cons tan t speed. An investigation 
should be undertaken to evaluate vehicle speeds on major rural 
roads, and the  e f fe c t  tha t  driver behaviour and speed changes 
have upon vehicle fuel consumption. I f  possible this data should 
be in c o r p o r a te d  in to  a m o d e l t h a t  w i l l  enab le  a c c u ra te  
p r e d i c t i o n s  o f ve h ic le  fu e l consum ption  to  be made fo r  a 
part icu la r f low  of vehicles over a proposed road alignment.
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12.3 A  Method fo r  Ca lculating Tota l Road Costs
F rom  the data discussed in the preceding paragraphs i t  should be 
possible to accurately determine the money and energy costs for
a proposed road design. A method is required tha t w i l l  enable
t h is  c a l c u la t i o n  to  be q u i c k l y  and e a s i ly  made so th a t  
a l te rn a t iv e  designs fo r  a proposed new road can be evaluated. 
The m ethods used at present include the use of the COBA program, 
and a manual method to more accurately calculate the e ffec ts  of 
a l te rn a t iv e  g rad ien ts .  The use o f a manual m ethod w i l l  not
encourage a f u l l  evaluation to be made, and the s im p lif ica t ion  
o f  th e  d a ta  fo r  the manual m ethod leads to  in a c c u ra c ie s ,  
p a r t i c u l a r l y  w hen la r g e  p ro p o r t io n s  o f goods veh ic le s  are 
involved.
Thus the author considers tha t a computerized method should be 
deve loped th a t  w i l l  enable the calculation of to ta l money and
energy costs fo r  a l te rn a t iv e  designs fo r a proposed road. This 
m ethod  should be s u f f ic ie n t ly  detailed fo r accurate calculations 
to  be made, but should not deter the examination of a lterna tive  
designs by requ ir ing  the input of large quantities of data. The 
method should provide details o f money costs and energy costs so 
th a t  the e f fe c ts  o f  a l te rn a t iv e  designs upon energy can be 
evaluated.
When u n d e r ta k in g  e c o n o m ic  e v a lu a t io n s ,  costs are usua lly  
d iscoun ted  over the l i f e  o f  the road. This is not necessarily 
v a l id  fo r  energy costs, as energy resources may w e ll be more 
v a luab le  in the  fu tu re  than they are now. Consideration should 
be made to saving energy when designing a road, part icu la r ly  the 
balance between additional money cost and fu tu re  energy savings.
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A l . l  Energy Cost Tables
Tables A l . l  and A1.2 show typical energy costs for the major 
road c o n s t ru c t io n  operations. These tables are from  the reports 
o f  Charlesworth (1) and Jannet (2), reviewed in Chapter 3* From 
these tab les  ty p ic a l  va lues can be ca lcu la ted  for the energy 
consum p tion  o f each ope ra t io n  as a pe rcen tage  of the to ta l 
energy consumption:-
Operation Charlesworth 
F lexible Road
Charlesworth 
Rigid Road
Jannet
Earthworks 8-12 12-13 4-22
Surfacing 43-66 41-52 61-95
Structures 27-39 26-39 1-7
This table shows that earthworks genera lly  re p re se n t 12 to  20 
p e rcen t o f the to ta l  energy cost of a road. The surfacing is 
c le a r l y  the m a jo r  energy cost in road c o n s t ru c t io n ,  and is 
h ig h e r  fo r  f le x ib le  road su rfaces . Janne t suggests th a t  the 
energy cost of the road surface can be as high as 95 percent of 
the to ta l  cost. The two reports show very d iffe ren t proportions 
o f  energy fo r  the construction of structures, the cost indicated 
by Jannet being extremely small.
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TABLE Al.l 
Energy Costs of Road Construction 
From Charlesworth 
Energy Costs in TJ/km
Flexible Road
Earthworks
Surfacing
Roadbase
Sub-base
Total
2 x 24 foot 
carriageway
4.70
8.01
5.33-21.8
3.44
21.49-37.96
2 x 36 foot 
carriageway
6.39 
14.84 
7.63-31.93
6.03 
35.89-60.19
Rigid Road
Earthworks
Surfacing
Base
Total
4.7
14.7
2.12
21.52
6.39
22.32
3.14
31.86
Access Roads
Structures
Total
2.16-3.8
15.3
17.48-19.13
3.6-6.03
13.37
16.97-19.40
Flexible total 38.97-57.09 52.86-79.59
Rigid total 39.00-40.65 48.83-51.26
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TABLE A1.2
Energy Costs of Road Construction
From Jannet
Energy Costs TEP/km
Formation Earthworks Surface Structures Barriers Total 
Width
27.0 100 270-800 30 40 700
23.5 50 270-800 15 24 520
16.5 20 200-600 7.5 12 430
12.5 15 140-400 5 —  340
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The E ff ic iency  o f an E lec tr ic  Vehicle
A2.1 Specific Fuel Consumptions
Tab les A2.1 and A2.2 show the e f f ic ien c ies  and specific fuel 
consum ptions  for a 36 k i low a tt  petrol engine and an equivalent 
e le c t r ic  m o to r  respectively (3), fo r  a varie ty of power outputs, 
bu t fo r  constant speed. The specific fuel consumptions from  this 
ta b le  are shown in figure A2.1. The specific fuel consumption is 
show n in  l i t r e s  o f fu e l per k i lo w a t t  hour, and th is  is an 
e q u iv a le n t  energy f ig u re  fo r  the e le c t r ic  m o to r ,  representing 
the e le c t r ic a l  energy input to the motor. I t  is not an overall 
spec if ic  fuel consumption fo r  the e lec tr ic  motor, as i t  makes no 
a l lo w a n c e  fo r  the e f f ic ie n c y  o f e le c t r i c i t y  g e n e ra t io n .  The 
curves shown in f ig u re  A2.1 are e ffec t ive ly  the reciprocal of
the equivalent e ff ic iency curves.
The specific fuel consumption of the petro l engine drops as the  
pow er o u tp u t  increases to reach a minimum value at maximum
p o w e r  o u t p u t .  I t  is the concave shape o f  th is  cu rve  th a t  
e x p la in s  th e  in c re a s e  in  fu e l  consum ption  o f a ca r  when
t ra v e l l in g  up and down a gradient compared w ith  trave ll ing  on
the level, as discussed in Chapter 8. The characteris t ics o f the 
e l e c t r i c  m o to r  are qu ite  d i f f e r e n t ,  and th is  has an a lm o s t 
cons tan t  fu e l  consum ption  and e ffic iency throughout the power 
range. Thus an e lectr ic  motor operating at varying power outputs 
has a lm os t the same e f f ic ie n c y  as one operating at a steady 
power output.
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Therefore the energy consum ption  o f an e le c t r ic a l l y  powered 
ve h ic le  would be v ir tua lly  unaffected by trave ll ing  up and down 
a g ra d ie n t .  The use o f e le c t r ic a l l y  powered veh ic les  would 
suggest a m a jo r  change in the design o f roads, as gradients 
wou ld  not s ig n i f ic a n t ly  a f f e c t  the fu e l consumption of these 
veh ic les , and therefore the use of steeper gradients would have 
a much reduced e f fe c t  upon operating costs.
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TABLE A2.1
Efficiency and Fuel Consumption of a Petrol Engine
Percent Percent Power Power Specific Fuel
Maximum Efficiency Output Input Consumption
Power (kw) (kw) litres/kwhr
14 12.7 5.0 39.37 0.8108
28 18.2 10.0 54.94 0.5676
42 21.8 15.0 68.80 0.4730
56 24.6 20.0 81.30 0.4189
69 25.9 25.0 96.52 0.3986
83 26.3 30.0 114.07 0.3919
97 26.3 35.0 133.08 0.3919
TABLE A2.2
Efficiency’ and Fuel Consumption of an Electric Motoi
Percent Percent Power Power Specific Fu(
Maximum
Power
Efficiency Output
(kw)
Input
(kw)
Consumption
litres/kwhr
10 64.0 3.6 5.63 0.1611
20 69.0 7.2 10.44 ' 0.1494
30 70.5 10.8 15.32 0.1462
40 71.5 14.4 20.14 0.1442
50 72.0 18.0 25.00 0.1432
60 73.0 21.6 29.59 0.1412
70 73.5 25.2 34.29 0.1402
80 74.0 28.8 38.92 0.1393
90 74.5 32.4 43.49 0.1383
100 75.0 36.0 48.00 0.1374
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Calculation of Vehicle Power
A3.1 Calculation of Vehicle Power from Fuel Consumption Equation
The power required to propel a vehicle along a road at a steady 
speed can be expressed as:-
P = Pa + Pr + Pg Equation 1
where Pa = power to overcome a ir resistance,
Pr = power to overcome ro lling  resistance, 
and Pg = power to overcome gradient.
On a downgrade, when the vehicle is trave lling  at a steady speed 
w ith  no power input from  the engine and no braking from  e ithe r
the engine or the brakes:-
Pgmin = Pa + Pr Equation 2
Where Pgmin = the power contribu ted to the vehicle by the
downgrade Gmin.
F or any speed, the maximum power tha t the vehicle is capable of 
producing at tha t speed w ill be:-
Pmax = Pa + Pr + Pgmax Equation 3
w here Pgmax = the power required to overcome the upgrade
G m ax, where Gmax is the  maximum grade upon which the
vehicle can m ainta in the speed.
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Substituting fo r the a ir and wind resistance pow er in  equa tion  
3, using equation 2, produces:-
Pmax = Pgmin + Pgmax Equation 4
F o r the  v e h ic le  fu e l consum ption  te s ts  undertaken  fo r  th is  
re s e a rc h ,  each v e h ic le  was o p e ra te d  co n tin u o u s ly  a t f u l l  
t h ro t t le  in order to m aintain a pa rticu la r speed on a pa rticu la r 
gradient. These speeds and gradients fo r each vehicle were:-
Peugeot 504 106 kph 5.0 percent gradient.
Escort Van 97 kph 4.0 percent gradient.
BL M ini 97 kph 2.7 percent gradient.
Thus these gradients are considered to represent Gmax fo r each
of the vehicle and speed combinations indicated above.
G m in, the descending g ra d ie n t a t w h ich  the  ve h ic le  is ju s t
m a in ta in in g  speed, w ith  no pow er in p u t fro m  the engine or
b ra k in g , can be determined from  the fue l consumption equations 
produced in Chapter 8. The assumption is made tha t the vehicle
engine is neither developing power nor braking the vehicle when 
the  cu rve  re la t in g  fu e l consum ption to gradient is leve l. This
m in im um  value can be found by d iffe re n tia tin g  the quadratic fue l 
consumption equation:-
Fue l consumption = a + b.G + c.G ^ Equation 5
where G is gradient,
and a,b, and c are cons tan ts  fo r  a pa rticu la r vehicle and
speed.
D if fe re n t ia t in g  equa tion  5, and equa ting  to  zero to find  the
minimum point, gives:-
G m in = b /  2.c Equation 6
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Using equation 6 the Gmin values fo r each vehicle and speed have 
been ca lcu la ted :-
Gmax Gmin 
Peugeot 504 106 kph 5.0 13.9
Escort Van 97 kph 4.0 8.0
BL M ini 97 kph 2.7 10.0
The power from , or required to ove rcom e, a g ra d ie n t can be 
expressed as a fu n c t io n  o f the  g ra d ie n t, vehicle weight, and 
speed:-
Pg = M .g .V .s in c e  Equation 7
where M is the vehicle mass,
g is the g rav ita tiona l constant,
V is the vehicle ve loc ity , 
and cG is the angle of the gradient.
For the small angles o f the gradients on which the vehicles w ere  
tes ted , the sine o f the angle w ill approximate to the percentage 
g rad ien t divided by 100. Thus the Pgmin and Pgmax values can be
c a lc u la te d
examined:-
f ro m th is in fo r m a t io n  fo r th e  th re e  v
Vehicle M kg g V m/s Pgmin Pgmax Pmax
Peugeot 504 1327 9.81 29.4 53.2 19.1 72.3
Escort Van 955 9.81 26.9 20.2 10.1 30.3
BL M ini 615 9.81 26.9 16.2 4.4 20.6
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The Pmax values calculated by this method compare very c lose ly 
w i th  th e  m a x im u m  p o w e r v a lu e s  q u o te d  by th e  v e h ic le  
m anufacturers:-
Vehicle Calculated Quoted
Maximum Maximum
Power Power
Peugeot 304 72.3 71.6
Escort Van 30.3 33.0
BL M in i 20.6 23.4
The lower values o f the Escort and M ini are probably because the  
speed fo r which the maximum power has been calcu la ted (96 kph) 
is below  the speed at which the vehicle develops the maximum 
pow er quoted by the m anufacturer. The Escort and M in i were also 
o ld e r ve h ic le s  than the  P eugeo t, and had tra v e lle d  a higher 
to ta l m ileage, so the engines may have been s ligh tly  more worn, 
reducing the maximum power output.
This method of ca lcu la ting the power o f the vehicles il lu s tra te s  
the  proportion  of the power output th a t is necessary at speed to 
overcom e the wind and ro lling  resistances. This varies from  over 
78 p e rce n t fo r the M ini to 67 percent fo r the Escort, and is 74 
p e rce n t fo r  the  Peugeot, which is trave lling  at a higher speed 
than the other two vehicles.
The accu racy  o f the  f ig u re s  produced by these c a lc u la tio n s  
c o n firm s  the  methods used in th is Appendix, and also indicates 
the re lia b ility  of the fue l consumption equations.
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Correction of Escort Van Fuel Consumption
A4.1 Calculation of Vehicle A ir Resistance
This A ppend ix  describes the calcula tion of a correction  fac to r 
to  c o n v e rt the fue l consumption of the Escort van tested in this 
re sea rch  to  the  e q u iv a le n t fu e l consum p tion  fo r  the  E sco rt 
saloon car.
The power to propel a vehicle at a steady speed is:-
P = Rr.V + Ra.V + M .g.sincc.V
where R r = ro lling  resistance,
V = speed,
Ra = a ir resistance,
M = vehicle mass, 
g = g rav ita tiona l constant, 
andoc=  angle o f gradient.
For a level road, the pow er re q u ire d  w i l l  be re la te d  to  the  
ro ll in g  res is ta n ce  and the  a ir resistance. The fue l consumption 
o f  the  v e h ic le  w i l l  be re la te d  to  the  pow er, and thus a ir  
resistance and ro lling  resistance.
The major d iffe rence between the Escort van and saloon is the  
height. Bennett and Allsop (4) show th a t:-
Ra = 0.5.Cd.p.A.V 2
where Cd = shape re lated drag co e ffic ie n t, 
p = density of air,
A = fro n ta l area o f vehicle, 
and V = speed.
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Therefore the d iffe rence between the a ir resistances o f the tw o
v e h ic le s  w i l l  be d ire c tly  re la ted to the d iffe rence between the
f ro n ta l areas. The E s c o rt van is 18 pe rcen t higher than the 
saloon, and w ill thus have an a ir resistance 18 percent greater.
Bennet and A lls o p  g ive  the  fo llo w in g  values in d ic a t in g  th e  
p r o p o r t io n s  o f a ir  re s is ta n ce  and ro ll in g  re s is ta n ce  a t tw o
speeds:-
M INI CONSUL
Speed Rr Ra Rr Ra
60 121 145 160 185
120 223 581 286 741
By in te rpo la tion , mean proportions o f ro llin g  re s is ta n c e  and a ir
resistance at 90 kph have been calculated from  these values:-
R o lling  resistance 33 percent.
A ir  resistance 67 percent.
Thus i f  the a ir resistance is increased by 18 percent, the to ta l 
re s is ta n c e  is increased by 12 percent. As the fue l consumption 
is p ro p o rt io n a l to the power, and the power is d ire c tly  re la ted
to  the  resistances, the Escort van would have a fue l consumption
12 percent greater than th a t fo r  the saloon.
This co rrec tion  fa c to r would only apply to  the constant va lue in  
the  reg ress ion  equa tions in  C h a p te r 8, as the  v a ria b le s  are 
re la ted to  gradient, and are not a ffec ted  by a ir resistance.
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F ig u re  C . l  shows the  s p e c if ic  fuel consumption and haul distance fo r earthm oving  
scrapers from  a va rie ty  of sources. These are:-
IN T  -  In ternational H arvester -  C hapter 7 reference 4.
C A T -  C a te rp illa r -  C hapter 7 reference 1. .
LR336 -  Parsons and Broad -  C hapter 7 reference 3.
Handbook of Heavy Construction -  Chapter 7 reference 6.
T h re e  sets o f d a ta  have been produced fro m  th e In te rn a t io n a l H a rv e s te r  and 
C ate rp illa r  sources, representing good, average, and poor site conditions.
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F ig u res  C .2 to C .4 show the fuel consumption and power output for two petrol engines 
and one d iesel en g in e . F ig u re s  C .3  and C .4  are derived from  the work of Webb 
(C h a p te r  8 re fe re n c e  1 - 19 52 ) and fig u re  C .3 . from  Sheridan, Bush, and Kuziak  
(A p pen d ices  reference 3 -  1976). The d ifference in shape of the 1976 curve from  the 
1952 curves may be due to changes in engine technology.
B oth sets of curves in d ic a te  th a t  v a r ia t io n  in power output w ill a ffe c t the fuel 
consum ption  of the engine, the e ffe c t depending upon whether the engine is operating  
a t a high or low er power output. For an engine operating in the upper part of the 
po w er ran g e , variations in power output from  a steady state w ill produce increases 
in  fuel consumption. For a vehicle operating in the lower part of the power range, 
variations w ill reduce the fuel consumption.
Th is change in the e ffe c t of power variations explains the differences between the 
fu e l consum ption  d a ta  provided by C la ffe y  for powerful A m erican vehicles, Everall
fo r lo w er po w ered  U .K .  ve h ic les  travelling at re la tive ly  low speeds, and the data
presented in this thesis for U .K . vehicles operating at high speeds.
The high powered vehicles tested by C la ffe y  are probably operating in the low er part 
o f the pow er range, and thus small fluctuations in power reduce fuel consumption, as 
in d ic a te d  in fig u re  3 .3  (page 3 .2 8 ), a lth o u g h  larger power fluctuations caused by 
s teep er g ra d ie n ts  increase fuel consumption, as the ascending power output w ill be 
in the upper part of the curve.
The lower powered vehicles tested by E vera ll are probably operating in the mid power
ran g e , as th ey  are  t ra v e llin g  a t re la t iv e ly  low speeds. Thus small power changes
produce r e la t iv e ly  l i t t l e  e f fe c t  upon fu e l consu m p tio n , a lth o u g h  la rg e r  changes 
caused by steeper gradients again produce increases in fuel consumption.
The r e la t iv e ly  lo w  powered vehicles tested by the author as part of this research  
w ere  t ra v e llin g  a t high speeds, and w ere thus operating in the upper part of the 
pow er rang e. T h e re fo re  any v a r ia t io n  in power output caused an increase in fuel 
consumption, as can be seen from  the results presented in C hapter 8.
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Assuming the fuel consumption equations derived in C hapter 0 the fuel consumption on 
an asymmetrical profile  as above w ill be:-
F C  = ( a + b.g, + c.gf- ).l, + ( a + b.ga + c .g j ) . l2
which can be sim plified to :- 
F C  = a.L + c.( h \ l_ / l ,  .1^ )
This w ill produce a relationship of the following fo rm :-
u
1,
Thus the fu e l consum ption w ill  be a m in im um  w hen 1, = la_ (i- e. the  profile  is 
s y m m e tr ic a l)  and w ill  in c re ase  as the  p ro f ile  becom es m ore asym m etrical. This 
increase w ill be the same regardless of direction of trave l.
P art Level Profiles
L
Assum ing the  fu e l consum ption  eq uation s d e riv ed  in C hapter 8 fo r a part level 
profile  the fuel consumption w ill be:-
FC  = a.lj + a.lj. + b .g .l^  + c .gLla .
sim plifying to
FC  = a.L + b.h + c .h ^ /l^
This w ill be a minimum when lj_ is a m axim um , hence long steady grades are m ore 
ec o n o m ica l th an  s h o rte r s te e p e r grades, assuming the same height of ascent. This 
conclusion is also true for negative gradients, when the equation becomes:-
FC  = a.L -  b.h + c.h / l ^
Program  Dates
The programs developed for this research were developed at the follow ing tim es:-
Origin'al OPCOST operating cost program using a polynomial fuel consumption equation 
and an increm ental technique for calculation of fuel consumption from  road p ro file  -
NOVEM BER 1976.
Subsequent OPCOST program perm itting input of in tersection point details instead of
profile chainages and levels - AUGUST 1977.
The original E A R T H  program for calculating the energy costs of earthworks from  the
mass-haul diagrams output by the HOPS programs -  JUN E 1978.
The fin a l C O C O S T  prog ram  fo r  c a lc u la tin g  th e  earthw ork energy costs from  the
earthwork volumes output by HOPS -  SUM M ER 1979.
